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Summary 
The  possibility  of  using  microbiological  processes  to  improve  the  mechanical 
properties  of  soil  by  undisturbed  in-situ  application  has  gained  attention  over 
recent years. This study has contributed to the technology of biocement, based on 
microbially  induced  carbonate  precipitation  (MICP),  for  the  purpose  of  soil 
reinforcement application. MICP involves both the hydrolysis of urea by bacterial 
urease enzyme and calcium carbonate precipitation in the presence of dissolved 
calcium ions. 
Other previously published approaches were based on saturated flow (submersed 
flow), which is accomplished by pumping solutions from an injection point to a 
recovery point which is limited exclusively to water saturated soil. This work 
describes  a  new  variation  of  in-situ  soil  reinforcement  technology  by  using 
surface percolation via – for example – spray irrigation onto dry, free draining 
ground, such as dunes or dykes.  
In order to accomplish bacterial immobilization by surface percolation, it was 
necessary to alternately percolate bacterial suspension and cementation solution 
(CaCl2 and urea) to form sequential solution layers within the sand columns. By 
allowing Ca
2+ ions diffusion between each layer bacterial immobilization could be 
enhanced from 30% to 80%. For a limited number of about 3 to 4 treatments this 
novel application method of cementation allowed homogeneous strength over the 
depth of the entire 1 m sand column.  
Although  the  strength  was  homogenous,  CaCO3  analysis  showed  that  about  3 
times  less  crystals  were  precipitated  in  the  top  layer  compared  to  the  bottom 
layers  suggesting  differences  in  efficiency  of  the  calcite  crystal  to  provide 
strength.  This  work  demonstrated  that  this  efficiency  of  calcite  crystals  was 
related to the pore water content of the continuously drained column with less 
water content enabling more efficient strength formation.  Summary 
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The geotechnical properties of bio-cemented sand samples under different degrees 
of saturation confirmed that higher strength could be obtained at lower degrees of 
saturation. To our knowledge, this study was the first study to demonstrate that 
the calcite crystals formed under a lower degree of saturation had more crystals 
formed in the contact points, contributing to the strength of the cemented samples. 
These preferred crystal formation was caused by the retained cementation solution 
situated in the form of menisci between sand particles at low degree of saturation.  
Scanning electron microscopy supported the idea that lower water contents lead to 
selective positioning of crystals at the bridging points between sand grains.  
After biocementation treatment, fine sand samples exhibited significant increase 
in  cohesion  from  1.1  to  280  kPa  and  friction  angle  from  23
o  to  41
o.  Similar 
improvements  were  also  obtained  for  coarse  sand  samples.  Overall,  fine  sand 
sample  indicated  higher  cohesion  but  lower  friction  angle  than  coarse  sand 
samples having similar CaCO3 content.  
The performance of cementation in large (2 m) laboratory scale trials indicated 
that subsequent treatments of more 4 times in fine sand caused clogging close to 
the  injection  end,  resulting  in  limited  cementation  depth  less  than  1  m.  This 
clogging problem was not observed in the 2 m treated coarse sand column, which 
had  strength  varying  between  850  to  2067  kPa.  This  showed  that  the  surface 
percolation technology was more applicable for coarse sand soil.  
The laboratory large scale application (80 L) of fine sand cementation indicated 
that  relatively  homogenous  cementation  in  the  horizontal  direction  could  be 
achieved with 80% of cemented sand having strength between 2 to 2.5 MPa.  This 
suggested that although the liquid infiltration flow paths could not be controlled in 
the surface percolation method, self-adjusting flow paths were triggered by the 
changed internal flow resistance caused by the precipitated crystals, favoring the 
homogeneous cementation. 
A  simple  mathematical  model  demonstrated  that  the  cementation  depth  is 
dependent on the infiltration rate of cementation solution and the immobilized 
urease activity. Higher infiltration rate and lower urease activity will enable in Summary 
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deeper  cementation.  The  model  also  predicted  that  repeated  treatments  will 
enhance sand clogging close to the injection point.  
The traditional production of ureolytic bacteria used for biocementation is very 
expensive,  because  of  strictly  sterile  processing.  This  study  described  the 
sustainable, non-sterile production of urease enzyme using activated sludge as 
inoculum.  By  using  selective  conditions  (high  pH  and  high  ammonia 
concentration) for the target ureolytic bacteria plus the presence of urea as the 
enzyme  substrate,  highly  active  ureolytic  bacteria,  physiologically  resembling 
Bacillus  pasteurii  were  enriched  and  continuously  produced  from  chemostat 
operation of the bioreactor. When using a pH of 10, and about 0.17 M urea in a 
yeast extract based medium ureolytic bacteria developed under aerobic chemostat 
operation at hydraulic retention times of about 10 h with urease levels of about 60 
U/ml  culture.  This  activity  is  six  times  higher  than  required  for  successful 
biocementation.  The  protein  rich  yeast  extract  medium  could  be  replaced  by 
commercial  milk  powder  or  by  lysed  activated  sludge,  which  could  make  the 
industrial production less costly.  
A method of in-situ production of urease activity was developed. This method 
involved  providing  selective  growth  medium  to  allow  ureolytic  bacteria  to 
proliferate  and  produce  urease  activity  in-situ  of  sand  column.  The  aerobic 
ureolytic bacteria inoculum could only be enriched in unsaturated coarse sand 
column, where sufficient oxygen was available. However, high urease activities of 
20  and  10  U/mL  were  obtained  by  growing  soil  bacteria  under  aerobic  and 
anaerobic conditions respectively. The successful enrichment of  highly urease 
active bacteria under anaerobic conditions could allow the in-situ production of 
urease activity at water logged soils. The in-situ produced urease activities by the 
enriched soil ureolytic bacteria were sufficient to allow successful cementation of 
fine (>500 kPa) and coarse (>1000 kPa) sand columns. The strength and CaCO3 
analysis indicated that the common obstacle of surface clogging in deeper fine 
sand column was avoided, explained by avoiding bacterial accumulation at the top 
of the column. 
In combination, all findings of the present study imply that the cost of MICP 
technology  can  be  reduced  by  optimizing  the  conditions  for  effective  crystals Summary 
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precipitation  by  providing  low  saturation  conditions  when  the  cementation  is 
operated. The cost reduction can also be achieved by producing urease activity 
more  economically  by  omitting  the  requirement  of  sterilization  (non-sterile 
cultivation)  and  bioreactor  (in-situ  growth).  These  are  expected  to  make  this 
technology more readily acceptable for field applications.  
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1  Introduction  
1.1 Background 
Calcium carbonate (CaCO3) is one of the most common and widespread minerals 
on earth. CaCO3 precipitation is a common crystal found in rocks in all parts of 
the world and exists in environments, such as marine water, fresh water, and soils 
(Castanier et al., 1999; Ehrlich, 1998). Precipitation of CaCO3 occurs when the 
amount of calcium and carbonates ions in solution exceed the solubility product. 
Comparing  to  the  contribution  of  abiotic  change  (e.g.  change  in  temperature, 
pressure, or evaporation) and biotic action (microbial action), it is suggested that 
biotic  action  has  a  higher  contribution  in  CaCO3  precipitation  in  most 
environments on earth (Castanier et al., 2000). Calcium carbonate precipitation is 
a rather straightforward and spontaneous chemical process controlled mainly by 
four parameters (Hammes and Verstraete, 2002):  
1) The calcium concentration,  
2) The concentration of dissolved inorganic carbon (DIC), 
3) The  pH  of  the  environment  (this  affects  the  solubility  of  calcium 
carbonate), and 
4) The presence of nucleation sites.  
The concentration of DIC is dependent on several environmental factors such as 
temperature and the partial pressure of CO2. In addition, the concentration of DIC 
and the pH of the environment influence the concentration of carbonate ions. The 
equilibrium reactions governing the DIC concentration in aqueous media (25
oC 
and 1 atm) are given in Eqs. (1.1)-(1.4) (Stumm and Morgan, 1981). 
[1.1]  CO2(g) ↔ CO2(aq.)                          
[1.2]  CO2(aq.) + H2O ↔ H2CO3               
[1.3]  H2CO3 ↔ H
+ + HCO3
- Chapter 1 
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[1.4]  HCO3
− ↔ CO3
2− + H
+            
            
1.2 Microbially Induced Carbonate Precipitation 
Microbially induced carbonate precipitation (MICP) gained interest in the last 20 
years, in particular with regard to the potential application of soil improvement 
and decayed ornamental stone production. Microorganisms can influence calcium 
carbonate precipitation by changing almost all the parameters described above. 
According to the chemical precipitation, in microbial CaCO3 precipitation, the 
role of bacteria in calcium carbonate precipitation is attributed to:  
1) Producing carbonate (e.g. respiration, hydrolysis, etc.),  
2) Producing alkalinity (raising the pH of the environment), and 
3) Acting as nucleation sites in an oversaturated solution (Stocks-Fischer et 
al., 1999). 
In  aquatic  environments,  calcium  precipitation  induced  by  photosynthetic 
organisms  (autotrophic  organisms),  like  algae  or  cyanobacteria,  is  the  most 
common form (McConnaughey and Whelan, 1997). The metabolic processes of 
microorganisms consume dissolved CO2, causing the pH to rise locally, which in 
the  presence  of  calcium  ions  would  lead  to  calcium  carbonate  precipitation 
(Hammes and Verstraete, 2002). Although the autotrophic pathway is considered 
one of the principal sources of biogenic calcium carbonate precipitation (Ehrlich, 
1996), it cannot be induced in the soil due to the limitation of light and oxygen.  
Apart from autotrophic organisms, CaCO3 can also be induced to precipitate by 
heterotrophic organisms, by producing carbonate or bicarbonate and modifying 
the environment, creating such an alkaline environment, to favor precipitation, 
(Castanier et al., 1999). The heterotrophic pathways generally involve the sulphur 
cycle and nitrogen cycle. 
•  Sulphur cycle, which is carried out by sulphate reducing bacteria (SRB) 
under anoxic conditions, produces H2S and releases HCO3
- (Castanier et Chapter 1 
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al., 1999; Wright, 1999). An increase in pH occurs when the H2S gas 
releases  from  the  environment,  favoring  the  precipitation  of  calcium 
carbonate (Castanier et al., 1999). 
•  Nitrogen cycle, which involves 1) the oxidative deamination of amino 
acids in aerobes, 2) the dissimilatory reduction of nitrate in anaerobes or 
microaerophily, and 3) the degradation of urea or uric acid in aerobes 
(van Paassen et al., 2010b; De Muynck et al., 2010).  
The  most  interesting  and  widely  investigated  mechanism  for  MICP  is  the 
hydrolysis of urea by the urease enzyme, which results in an increase in pH and 
the production of carbon dioxide. The pathway of urea hydrolysis and the role of 
urease enzyme will be described in the following sections.  
Apart from changes induced in the environment, bacterial cells have been shown 
to  be  excellent  nucleation  sites  for  growing  minerals  due  to  the  presence  of 
several negatively charged groups on the cell wall, resulting in positively charged 
metal ions bound on bacterial surfaces (Douglas and Beveridge, 1998; Ehrlich, 
1998). Many investigations confirmed the precipitation of CaCO3 on the bacterial 
cell surface (Fujita et al., 2000; Hammes et al., 2003; Warren et al., 2001). 
 
1.3  MICP by Urea Hydrolysis  
1.3.1  Urease Enzyme 
Urease  (urea  amidohydrolase;  EC  3.5.1.5)  is  an  enzyme  that  catalyzes  the 
hydrolysis of urea to obtain ammonia and carbon dioxide. Urease from jack bean 
was the first enzyme crystallized (Summer, 1926) and has also been found in 
bacteria, yeast, and several higher plants. The structure of urease was first solved 
by Jabri et al. (1995), showing that although ureases may be composed of one, 
two, or three distinct types of subunits, the proteins are all closely related. For 
example,  three-subunits  urease  enzymes  were  found  in  Klebsiella. aerogenesi 
(Mulrooney and Hausinger, 1990), Proteus. mirabilis (Jones and Mobley, 1989), 
Proteus.  vulgaris  (Mörsdorf  and  Kaltwasser,  1990),  Ureaplasma.  urealyticum Chapter 1 
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(Blanchard, 1990), and Bacillus. pasteurii (Mörsdorf et al., 1994); two-subunits 
enzymes were found in two strains of Helicobacter. pylori (Clayton et al., 1990; 
Labigne et al., 1991) and Helicobacter. felis (Ferrero and Labigne, 1993); single 
subunit enzyme was found in jack bean (Riddles et al., 1991). 
Most bacterial ureases are heteropolymeric enzymes. The metal content analysis 
for all purified ureases indicated that all ureases contain nickel, which affects the 
presence  of  urease  activity  in  ureolytic  organisms  (Hausinger,  1987).  For 
example,  it  has  been  demonstrated  that  K.  aerogenesi  ureases  possesses  two 
nickel ions per active site in each subunit (Todd and Hausinger, 1989). Urease 
from  B.  pasteurii  exhibited  that  one  nickel  ion  was  present  in  each  of  four 
subunits of the enzyme (Christians and Kaltwasser, 1986).  
Several  classes  of  urease  inhibitors  are  known,  including  hydroxyurea,  
hydroxamic  acids,  phosphoroamide  compounds,  phosphate,  thiols,  boric  acid, 
boronic acids, and fluoride. Hydroxamic acids are well-known inhibitors of urease 
and  numerous  hydroxamic  acid  derivatives  have  been  synthesized  and 
demonstrated  to  be  very  effective  inhibitors  of  the  plant  and  bacterial  urease 
enzymes (Dixon et al., 1980; kobashi et al., 1980; Odake et al., 1994). Comparing 
to hydroxamic acids, many phosphoroamide compounds are even more effective 
inhibitors of urease. Heavy metals have also been demonstrated to be toxic to 
urease. The sequence of metals ions relative to their toxicity toward urease is: 
Hg
2+> Cu
2+
 > Cd
2+> Co
2+ > Pb
2+ > Sr
2+ (Zhylyak et al., 1995).  
 
1.3.2  Urease Reaction Mechanism  
Urease  catalyzes  the  hydrolysis  reaction  of  urea  to  produce  ammonia  and 
carbamate (Eq 1.5). The carbamate spontaneously decomposes to yield another 
molecule of ammonia and carbonic acid (Eq 1.6). In solution, the released one 
molecule carbonic acid and two molecules of ammonia consequently equilibrate 
with their deprotonated and protonated forms, resulting in an increase in the pH 
(Eq 1.7 and 1.8) (Mobley and Hausinger, 1989).  
[1.5]  CO (NH2)2 + H2O ￠
 
NH3 + H2NCOOH  Chapter 1 
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[1.6]  H2NCOOH + H2O ￠ NH3 + H2CO3                                                                   
[1.7]  H2CO3 ↔ H
+ + HCO3
-                                                                                        
[1.8]  2NH3 + 2H2O ↔ 2NH4
+ + 2OH
-        
                                                                 
1.3.3  Microbial Urease  
Microbial urease activity is widespread in the environment, including bacteria, 
yeasts, filamentous bacteria and algae (Booth and Vishniac, 1987; Bekheet and 
Syrett,  1977;  Jeffries,  1964;  Seneca  et  al.,  1962).  Microbial  ureases  play  an 
important  role  in  certain  human  and  animal  pathogenic  states,  in  ruminant 
metabolism  and  in  environmental  transformations  of  certain  nitrogenous 
compounds (Mobley and Hausinger, 1989).  
In general, there are five modes of regulation exist for the synthesis of urease in 
the microbial system (Molbey and Hausinger, 1989; Mobley et al., 1995). These 
modes are: 
1.  Constitutive  expression  ⎯  where  the  enzyme  expression  is  constant 
regardless  of  the  environmental  conditions  (e.g.  Bacillus  pasteurii, 
Sporosarcina.  uresa,  Morganella  morganii,  and  the  chromosomally 
encoded ureases of some E. coli isolates). 
2.  Nitrogen  regulation  ⎯  where  in  the  presence  of  high  quality  nitrogen 
source (NH3, NH4
+ or urea), the urease synthesis is repressed. In contrast, 
the  urease  synthesis  is  activated  (re-depressed)  under  conditions  of 
nitrogen-limiting or nitrogen starvation.  The nitrogen regulation of urease 
expression  has  been  reported  to  occur  in  many  ureolytic  organisms, 
including Pseudomonas aeruginosa (Janssen et al., 1982), Bacillus subtilis 
(Atkinson  and  Fisher,  1991),  and  Rhizobium.  meliloti  (Miksch  and 
Eberhardt, 1994).  
3.  Induction  by  urea  ⎯  where  the  urease  expression  is  induced  by  the 
presence of the substrate urea or other environmental conditions. Ureases Chapter 1 
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of Proteus and Providencia species have been reported that the activity of 
the ureases induced by the substrate urea reached levels 5 to 25-fold higher 
than those in non-induced culture (Jones and Mobley, 1987; Mobley et al., 
1991).   
4.  Developmental control ⎯ where the expression of urease varies relating to 
the developmental stages. Falkinham and Hoffman (1984) reported that in 
Proteus species, the urease level and urease transcript was high during 
swarming state, while negligible activity was found in non-swarmer cells.  
5.  Regulation by pH ⎯ where the urease is regulated by the environmental 
pH through the manner of regulating the rate of urease synthesis (Sissons 
et al., 1990). In this mode, which exists in some oral bacteria, urease plays 
a role in protecting the cells from acid environment (Sissons et al., 1992). 
 
1.3.4  Metabolism of Urease Positive Bacteria   
Urea  hydrolysis  has  been  reported  to  play  a  novel  role  in  ATP  generation  in 
several ureolytic bacteria (Mobley and Hausinger, 1989). The generation of ATP 
is governed by proton motive force (Δp), which includes the transmembrane pH 
gradient (ΔpH) and the charge gradient or membrane potential (Δψ) (Eq. 1.9): 
[1.9]  Δp = ΔpH + Δψ                                                                                                    
For  neutrophilic  microorganisms,  the  ATP  generation  is  dependent  on  the 
chemiosmotic proton gradient. The bacterial cells expel the protons out of the 
cells through the electron transport chain, which results in a proton concentration 
gradient  across  the  cell  membrane  (low  inside/high  out  side).  This  proton 
concentration gradient will drive protons back into the cells through the ATP-
synthase, resulting in ATP generation (Prescott et al., 1993). 
The  ATP  generation  pathway  of  alkaliphilic  microorganisms,  which  have 
optimum  growth  in  high  pH  condition,  is  different  from  the  neutrophilic 
microorganisms. As the higher pH (low proton concentration) outside of the cells Chapter 1 
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and  lower  pH  (high  proton  concentration)  inside  the  cell,  the  protons  will 
spontaneously diffuse from inside to outside the cell due to the proton gradient. 
This flux direction is opposite of the normal direction for ATP generation. To 
survive the reversed proton gradient, alkaliphiles have developed two mechanisms 
to drive the protons back into the cells. These two mechanisms include:  
•  Increasing  the  alkalinity  of  the  cytoplasm  of  the  cells,  resulting  in  a 
reduction of the reversed ΔpH, and  
•  Increasing the Δψ by the efflux of cations other than proton. Due to the 
increased proton motive force (Δp), the protons will be driven back into 
the cells against the concentration gradient (AL-Thawadi, 2008; Whiffin, 
2004).  
Ureolytic bacteria, most are alkaliphiles, utilize urea hydrolysis to generate ATP. 
Romano et al. (1980) demonstrated that urea added to Ureaplasma cells resulted 
in a rapid increase in intracellular ATP concentration. Jahns (1996) suggested that 
in the presence of a high concentration of urea (300 mM), Sporosarcina pasteurii 
utilize NH4
+ to drive ATP generation. A schematic model for urease-depend ATP 
generation is illustrated in Figure 1.1. Apart from ATP generation, for P. vulgaris 
(soil-inhabiting organism), ammonium from the urea hydrolysis can be directly 
assimilated into biomass via the glutamine synthetase-glutamate synthase (GS-
GOGAT) pathway or by the action of glutamate dehydrogenase (GDH) (Tyler, 
1978). Chapter 1 
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Figure  1.1.  ATP-generating  system  coupled  with  urea  hydrolysis  process  in  S.  pasteurii  as 
suggested by Jahns (1996) and AL-Thawadi (2008). The chemical transport processes related to 
microbial urea hydrolysis was suggested by Mobley and Hausinger (1989). The reactions are: 1: 
Urea  diffusion  into  the  bacterial  cell  according  to  the  concentration  gradient;  2:  Urea  is 
hydrolyzed  by  urea  resulting  in  an  increase  in  pH  of  the  cytoplasm  and  a  decrease  in  Δ  pH 
(difference in pH between inside and outside of the cell); 3: Efflux of ammonium from the cells 
according to the concentration gradient, resulting in an increase in the membrane potential (Δψ); 
4: The increased membrane potential drives in protons against the concentration gradient into the 
cell, resulting in ATP generation. 
 
1.3.5  Cementation Reaction via Ureolytic Bacteria 
Ureolytic  bacteria  are  widespread  in  environments  such  as  soils  and  aquatic 
environments,  notably  S.  pasteurii.  This  type  of  bacteria  exists  in  aerobic 
conditions  is  heterotrophic,  i.e.  dependent  on  organic  carbon  for  growth.  In 
solution, dissolved calcium ions are attracted to the bacterial cell wall due to the 
negative  charge  of  the  latter.  Then,  bacteria  uptake  urea  and  catalyze  the 
hydrolysis  of  urea  to  release  ammonium,  resulting  in  an  increase  in  pH,  and 
dissolved inorganic carbon (DIC) in the microenvironment (De Muynck et al., 
2010). The production of alkalinity facilitates the precipitation of calcite in the 
presence of calcium (Eq. 1.10 and 1.11, Figure 1.2). The role of ureolytic bacteria 
in calcite precipitation was investigated by Bachmeier et al. (2002). The reaction 
is expressed below: 
[1.10]  Ca
2+ + Cell ￠ Cell-Ca
2+                                                                                    
[1.11]  CO3
2- + cell-Ca
2+ ￠ Cell-CaCO3 (s)                                                                 
ADP+Pi ATP
H+
H+
NH4
+
NH4
+ NH3 +
External pH 9.25
50% 50% :
Urea: 
CO(NH2)2 
CO2
+ OH-
(    pH)
CO(NH2)2
Urease 2H2O
NH3 CO2 +
Cytoplasm pH 8.4
NH3
+
H2O
NH3: NH4
+=30 : 70 
NH3: NH4
+=50 : 50 
1
2
3
4
Cell membrane
+
H+
NH4
+
ΔψChapter 1 
  9 
 
Figure  1.2.  Simplified  representation  of  the  process  of  the  ureolytic  induced  carbonate 
precipitation  (Muynck  et  al.,  2010).  A:  attracted  calcium  ions  by  the  bacterial  cells.  Bacteria 
uptake urea and release ammonium (AMM) and dissolved inorganic carbon (DIC). B: A local 
super-saturation  occurs  in  the  presence  of  calcium  ions,  resulting  in  precipitation  of  calcium 
carbonate on the bacterial cell wall. C: The whole cell is encapsulated.      
 
1.4 Non-soil Applications of MICP via Bacterial Urea 
Hydrolysis   
Many studies related to MICP considered for purposes other than strength have 
been  undertaken.  MICP  has  been  investigated  for  the  capture  of  cations  from 
wastewater as most of carbonate salts are low soluble or insoluble. The removal 
of divalent radionuclide Strontium
90 (
90Sr
2+) from the ground water was achieved 
by catalyzing the hydrolysis of highly concentrated urea in the presence of a very 
low concentration of Ca
2+ ions  (Fujita et al., 2000; Warren et al., 2001). MICP 
has also been used to facilitate the removal of Ca
2+, up to 0.5 g/L, from industrial 
wastewater with addition of low concentrations of urea (0-16 g/L). Furthermore, 
remediation of soils contaminated with heavy metals such as Cu, As, and Pb by 
MICP has also been tested (Achal et al., 2012a,b; Achal et al., 2011).  
MICP has also been used for crack remediation to protect and restore construction 
materials such as cement, concrete and ornamental stones (Bang et al., 2001). Le 
Metayer et al. (1999) have investigated bacterial cementation with attempts to 
surface coating and biological mortars. A protective coating of micrometer-thick 
CaCO3  crystals  was  formed  by  sequentially  spraying  bacteria  and  nutritional 
medium  containing  urea  and  calcium  to  the  surface  of  limestone.  Dick  et  al. 
(2006) proposed a method of restoration and protection of degraded limestone by Chapter 1 
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using  microbial  hydrolysis  of  urea  to  obtain  a  calcite  layer  coating  on  the 
limestone surface. Remediation of cracks of old concrete by microbial sealant was 
achieved. This microbial sealant consisted of a new additional calcium carbonate 
layers  induced  by  Sporosarcina  pasteurii  on  the  surface  of  old  concrete 
(Ramakrishnan et al., 2005). Dhami et al. (2012) improved strength properties of 
ash bricks by forming MICP on the surface and voids of bricks.  
Microbial  plugging  of  the  pores  in  oil-reservoirs  can  cause  an  increase  in 
sweeping  effectiveness  of  the  oil  recovery  process.  The  ordinary  methods  of 
bacterial enhancement of oil-recovery by plugging of the pores were due to the 
production of gasses, organic acids, surfactants, and polymers (Macleod et al., 
1988;  Knapp  et  al.,  1983;Jack  et  al.,  1982).  Recently,  the  plugging  of  highly 
permeable  zones  via  bacterial  urea  hydrolysis  has  attracted  much  attention. 
Controllable plugging and hence remaining permeability of porous materials was 
achieved by mixing bacteria with sands prior to packing into cores followed with 
application of calcium, urea and carbonate (Gollapudi et al., 1995). 
 
1.5 Soil Improvement 
In many regions, the mechanical properties of soils are not suitable for desired 
land  use  due  to  insufficient  density  of  the  underlying  soil  (Warner,  2004). 
Earthquake  induced  dynamic  loads  can  cause  soil  liquefaction,  significantly 
reducing the soil shear strength resulting in instability and consequently damage 
to constructions on top of it (van Paassen, 2009). The slopes of dikes and dunes 
can  become  unstable  due  to  a  combination  of  seepage  and  external  loading 
(Vaníček et al., 2008). All these cases require soil improvement to increase the 
mechanical properties of soils.  
Before  and  during  construction,  soil  stabilization  (soil  improvement)  is  often 
applied at or from the surface to improve the inadequate soil conditions to the 
level  of  requirements  of  construction.  The  approaches  of  soil  improvement 
include compaction, installing nails, sheets or piles, or mixing the soil with lime 
or cement (Karol, 2003). Chapter 1 
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1.5.1  Conventional Soil Improvement Techniques 
Currently, the majority of soil improvement techniques require substantial energy 
for  material  production  and/or  installation  (DeJong  et  al.,  2010).  Injecting 
synthetic  man-made  materials  such  as  micro-fine  cement,  epoxy,  acrylamide, 
phenoplasts,  silicates  and  polyurethane  (Xanthakos  et  al.,  1994;  Karol,  2003; 
DeJong  et  al.,  2010)  is  one  of  the  most  commonly  used  soil  improvements 
methods in civil, geotechnical and mining engineering applications. Grouting can 
substantially increase the stability of soil with both enhanced shear and bearing 
strength properties by binding soil particles together. This is accomplished using a 
variety of compaction, jetting and permeation grouting techniques (Warner, 2004; 
DeJong et al., 2010).  
Compaction grouting: This method displaces the soil and is commonly used to 
remediate  soil  deficiencies  under  structures  that  have  undergone  settlement 
(Warner. 2004).  
Jet Grouting: This method consists of mixing grouting fluid with in-situ soils though 
turbulence  caused  by  high-pressure  jetting  together  with  rotation  of  the  nozzle 
(Warner, 2004) (Figure 1.3).  
 
Figure 1.3. Conventional soil improvement by “Jetgrouting”: 1, drill down to required depth; 2, 
high pressure cement mixture emerges from the nozzle; 3, While drilling rod rotates and is pulled 
upwards, the surrounding soils is eroded and mixed with the cement mixture; 4, cemented soil 
column is formed (adapted from www.p3planningengineer.com). 
Permeation  Grouting:  This  application  consists  of  pumping  and  ejecting  the 
grout from a nozzle at the end grout pipe to permeate the surrounding soil. The 
permeated grout fills up the pore voids between the soil grain interfaces (DeJong 
et al., 2010) (Figure 1.4). Apparently, permeation grouting helps to increase the Chapter 1 
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soil strength while decreasing the permeability. This technique is most suitable for 
granular soils (i.e. sand or gravels) with high permeability due to the large pore 
spaces. The high permeability allows the grout to be ejected with lower pressure 
and penetrate to greater depth.  
 
Figure 1.4. Conventional soil improvement by “permeation grouting”: 1, borehole is drilled and 
used to lower the grout line into the subsurface where the grouting process will begin. The grout is 
pumped  down  hole  through  the  line  and  ejected  from  a  nozzle  at  the  end  to  permeate  the 
surrounding soil. As more grout is injected, the resistance to permeation increases because the 
intergranular space (space between the soil particles) is being filled with grout and the necessary 
pressure to inject additional grout increases accordingly. Once the design pressure limit has been 
reached,  the  rod  is  pulled  upwards,  and  the  injection  process  continues  (adapted  from 
http://www.cee.uah.edu/ground%20imp.htm). 
 
According  to  van  Paassen  (2009),  traditional  soil  improvement  methods  have 
several limitations. The effective treatment distance of the grouting methods is up 
to 1-2 m from the injection point due to the limitation of the mixing equipment 
(DeJong  et  al.,  2010).  In  general,  grouting  treatment  methods  require  high 
pressure  to  introduce  grout  into  soil.  These  techniques  are  time  consuming, 
expensive, require heavy machinery and are environmentally detrimental. In addition, 
commonly  used  cementitious  grouts  significantly  reduce  the  permeability  of  the 
treated soil, which results in a limited injection distance.  
1.5.2  Soil Improvement by MICP  
In  order  to  address  the  confluence  of  the  aforementioned  disadvantages,  it  is 
necessary to exploit and develop new alternative soil improvement methods to 
achieve  optimum  performance,  environmental  sustainability,  and  economic Chapter 1 
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viability.  Recently,  new  approaches  emerged,  referring  to  bio-mediated  soil 
improvement, utilizing biological processes to improve soil properties (DeJong et 
al.,  2010).  These  processes  include  biomineralization,  biofilm  formation,  and 
biogas  generation.  The  biomineralization  processes  include  production  of 
magnetite, greigite, amorphous silica, and calcite (Konhauser, 2007). Calcite is 
most attractive and currently being investigated.  
There are three types of organisms associated with inducing calcium carbonate 
precipitation  in  soils;  these  are:  photosynthetic  organisms,  sulphate  reducing 
bacteria (SRB) and bacterial organisms present in the nitrogen cycle (Whiffin, 
2004; Castanier et al., 1999; Hammes and Verstraete, 2002). However, MICP 
using bacteria found in nitrogen cycle (urea hydrolysis) is the most suitable and 
commonly investigated bacteria for soil improvement (Whiffin, 2004) as this form 
of bacteria (urea hydrolyzing bacteria) produces a high carbonate concentration 
within a short period time (De Muynck et al., 2010).  
Apart from urea hydrolyzing bacteria (ureolytic bacteria), another type bacteria 
involved in nitrogen cycle and soil improvement is known as denitrifying bacteria, 
which reduce nitrate ions to nitrogen gas by using calcium salts of fatty acids 
(calcium acetate) as electron donor and carbon source. Although this process leads 
to calcium carbonate precipitation (Eq 1.11), it still requires further optimization 
for practical application as the rate is rather slow, compared to the urea hydrolysis 
process (van Paassen et al., 2010b). Furthermore, nitrogen gas, a product due to 
the reduction of nitrate seen in Eq. 1.12 is known to cause dilation problem to the 
surrounding soil. 
[1.12]  Ca(C2H3O2)2 + 1.6 Ca(NO3)2 ￠ 2.6 CaCO3 (s) + 1.6 N2 + 1.4 CO2              
 
1.5.3  Soil  Improvement  by  Calcium  Carbonate 
Precipitation via Urea Hydrolysis 
For the purpose of soil improvement, initial attempts to artificially induce calcium 
carbonate by supplying a generated calcium carbonate solution to sand samples 
proved difficult (Molenaar and Venmans, 1993). Currently many studies on MICP Chapter 1 
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have  demonstrated  that  it  is  a  promising  alternative  route.  This  method  uses 
microbially  catalyzed  hydrolysis  of  urea  to  produce  carbonate  and  calcium 
carbonate precipitation in the presence of dissolved calcium ions. If this calcium 
carbonate crystals precipitate within granular soils, the crystals will form bridges 
between the sand grains enhancing the mechanical properties of soils (Whiffin et 
al., 2007).  
 
1.5.3.1  Calcite In-situ Precipitation System (CIPS) 
The  Calcite  In-situ  Precipitation  System,  or  CIPS,  is  an  innovative  new  soil 
improvement  technology  developed  by  CSIRO,  Division  of  Exploration  and 
Mining,  in  Australia,  and  available  to  be  commercialized  through  Lithic 
Technology  Pty  Ltd  (Ismail  et  al.,  2002a).  The  CIPS  is  water  based,  non-
particulate, and non-toxic solution with low viscosity and neutral pH. The process 
involves flushing CIPS solutions through material media such as sand to replace 
the existing pore fluid. Ismail et al. (2002a) reported that a series of chemical 
reactions occurred among the CIPS components, and resulted in the precipitation 
of calcite crystals. Then the precipitated calcite crystals coated on the surface of 
soil particles and bounded the loose sand grains, resulting in the improvement in 
mechanical properties of soils (Figure 1.5). By applying multiple flushes of CIPS, 
further precipitation of calcite and high levels of cementation could be obtained 
(Ismail et al., 2002a). According to the treatment process, CIPS application allows 
soil to be in-situ treated without requirement of removal or disturbance of soil. 
   
Figure 1.5.  ESEM micrograph of Si sample cemented with CIPS (A), one flush and (B), ten 
flushes (Ismail et al., 2002a). 
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1.5.3.2  MICP Induced by Ureolytic bacteria  
Utilizing  ureolytic  bacteria  to  catalyze  urea  hydrolysis  for  the  purpose  of  soil 
improvement is attractive and has presented significant developments. In order to 
induce MICP in the soil, it is necessary to transport chemical reagents (i.e. urea 
and CaCl2) and ureolytic bacteria to the locations where strengthening is required.  
Mixing ureolytic bacteria and chemical reagents leads to immediate flocculation 
of bacteria and crystals precipitation, which will result in rapid clogging of pore 
space of fine sands around the injection well causing insufficient penetration of 
the mixture (Al-Thawadi, 2008). The pressure to inject MICP solutions increases 
as  the  resistance  to  permeation  increases  due  to  the  clogging  of  pore  spaces. 
Although this premix method has been proposed to be suitable for treatment for 
soil  surface,  very  coarse  materials  and  on-site  soil  mixing  applications  (Le 
Metayer-Levrel et al., 1999), it is not suitable for many fine soil applications.  
To avoid the clogging of pore spaces around the injection point during treatment, 
a two-phase injection procedure was initially developed by Whiffin et al. (2007) 
and later modified by Harkes et al. (2010). The idea is first the ureolytic bacteria 
culture is injected into the sand column, directly followed by a fixation fluid, i.e. 
50 mM CaCl2 solution. The previous injected bacteria are retarded within the sand 
matrix by adsorption and filtration process and permanently adsorbed to the sand 
particles surface when overtaken by the fixation fluid. Al-Thawadi (2008) has 
described  another  methodology  to  immobilize  bacteria,  which  includes:  1) 
cultivating ureolytic bacteria in the presence of calcium ions as little as 6 mM, and 
2) injecting bacterial suspension into sands followed with 48 hours of incubation 
to enable permanent bacterial immobilization.  
Many  types  of  bacteria  are  able  to  catalyze  urea  hydrolysis,  however,  ideal 
microbial  sources  of  urease  for  biocementation  must  have  tolerant  to  high 
concentrations of urea and calcium, and also have high level of urease activity and 
are harmless to the environment (Whiffin, 2004). Two potential bacteria strains, 
Sporosarcina  pasteurii  and  Proteus  vulgaris,  have  been  studied  for  sand 
cementation, and it was determined that S. pasteurii produced significantly higher 
levels of urease activity and was favored for bio-cementation applications (Whiffin, 
2004). Al-Thawadi (2008) has enriched and isolated highly urease active bacteria, Chapter 1 
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named MCP-11 (Bacillus sphaericus, available now from DSMZ, Germany), and 
proved the feasibility of this type of bacteria for biocementation in 1 m sand 
columns experiment.    
To data, MICP studies have still been constrained on centimeter and meter length 
scales (Figure 1.6). These laboratory scale tests provide critical knowledge for 
implementation of field application.  
•  Micrometer (µm) scale: Ureolytic bacteria catalyze the urea hydrolysis to 
change the local environment so that cells server as preferential calcite 
nucleation sites (Figure 1.6-1 and 2) (DeJong et al., 2011). 
•  Millimeter  (mm):  Variations  in  precipitation  environment  factors, 
including chemical concentrations, urease activity, sand grains properties, 
and bacteria cells, can induce various crystals such as amorphous CaCO3, 
calcite and vaterite (Figure 1.6-3) (van Paassen, 2009). 
•  Centimeter and decimeter (cm and dm): Element tests on ureolytic bacteria 
immobilization revealed the significance of bacterial fixation to the level 
of biocementation (Al-Thawadi, 2008). The evolution of ureolytic bacteria 
activity within the sand matrix has been examined by monitoring the in-
situ urease activity. These tests have also enabled optimization of MICP 
treatment procedures (Figure 1.6-4 and 5) (Whiffin, 2004). 
•  Meter (m):  MICP has been successfully implemented in one-dimensional 
columns to a distance of 5 m in which initial relationship between CaCO3 
and  mechanical  properties  has  been  established  (Whiffin  et  al.,  2007). 
Successful extensions of element specimens to three-dimensional models 
with size of 1 m
3 and 100 m
3 have been performed (Figure 1.6-6 and 7) 
(van Paassen et al., 2009a; van Paassen et al., 2010b). 
•  Kilometer (km): Process of upscaling MICP treatment to field applications 
is still limited as a result of the strong and complex confluence of liquids 
flow, mixing and reaction (Battiato et al., 2009). Specific challenges and 
issues are remained such as clear understanding of bacterial distribution 
and precise predicting and modelling of the distribution in the natural soils, Chapter 1 
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precise modelling of the liquids flow and transport through heterogeneous 
media,  urease  activity  and  biological  behavior  in  nutrient-limited 
environment, impacts of biodiversity in the natural soils (Figure 1.6-8) 
(DeJong et al., 2011).  
 
Figure  1.6.  Overview  of  experimental  upscaling  of  MICP.  1:  Ureolytic  bacteria  (Bacillus 
pasteurii) (http://www6.ufrgs.br/laprotox/en/research-lines/ureases-soil/bacillus-pasteurii-and-bpu. 
Accessed on 6 Jan 2012) 2: ureolytic bacteria induced calcite. 3: MICP cemented silica sands. 4 
and 5: one-dimensional sand column experiments (AL-Thawadi, 2008). 6and7: MICP treatment 
of 1 and 100 m
3 sand (van Paassen et al., 2009a; van Paassen et al., 2010b). 8 Possible field 
application  (embankment).  (Adapted  from  http://ftp.uktrainsim.com/viewtopic.php?f=304&t 
=110159&start=15. Accessed on 6 Jan 2012). 
 
1.5.3.3  Procedure  and  Limitations  of  MICP  Process  for  Soil 
Improvement 
This study aimed to improve the potential for commercial application of MICP for 
soil improvement based on microbial induced precipitation of calcium carbonate 
by  urea  hydrolysis.  Steps  involved  in  the  general  MICP  procedure  are 
summarized in the following: 
1.  Cultivate  suitable  ureolytic  bacteria  in  the  laboratory  under  well-
controlled (e.g. sterile) conditions. Chapter 1 
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2.  Inject ureolytic bacterial suspension and chemical reagents in the ground 
and transport them to the desired locations by pumping these liquids 
through pre-placed injection wells.    
3.  Supply ureolytic bacteria associated with chemical reagents to induce 
calcium carbonate precipitation, which occurs at fully saturated locations 
due to the injection manner of MICP liquid (Whiffin et al., 2007; van 
Paassen et al., 2010b).  
4.  Supply ureolytic bacteria repeatedly as urease activity decreases during 
the biocementation process (van Paassen, 2009). 
5.  Remove the remaining products. 
In order to be a competitive soil improvement method the MICP technique must 
present outstanding advantages in terms of costs in material, machinery and labor. 
However,  current  MICP  technique  has  apparent  limitations  identified  in 
following, which may retard the progress of commercialization of MICP for the 
purpose of soil improvement: 
1.  To  get  reproducible  growth  of  ureolytic  bacteria,  it  is  necessary  to 
sterilize reactor and medium, and use high quality media such as lab 
grade  yeast  extract.  The  cost  of  the  high  quality  media  and  the 
sterilization process represents about 30% of the total cost of MICP 
techniques (personal communication, Derk van Ree, 2009, Deltares, the 
Netherlands).  
2.  Heavy  machinery  is  required  to  drill  holes  to  place  injection  and 
extraction wells (van Paassen et al., 2010b). 
3.  Repeated  injection  of  large  volume  of  MICP  is  required  to  achieve 
sufficient cementation. 
4.  The removal of NH4Cl. 
This study aims at creating the knowledge and methodology, which can improve 
the aforementioned limitations (issues 1 to 3) of the current MICP technique. Chapter 1 
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1.6 Derivation of Thesis Objectives 
The bacterial capacity to release carbonate in-situ in the presence of calcium ions 
to  form  calcium  carbonate  precipitation  has  been  well  studied.  However,  the 
current exploitations of this technique relating soil improvement has been limited 
to  using  water  saturated  soils  (DeJong  et  al.,  2006;  Whiffin  et  al.,  2007;  van 
Paassen  et  al.,  2009a,b),  requiring  hydraulic  injection  of  the  cementation 
solutions.  A  method  of  two-phase  injection  of  bacterial  suspension  and 
cementation solution for bacterial immobilization has been developed to induce 
ureolytic bacteria in the water saturated soil subsurface (Whiffin et al., 2007; Al-
Thawadi,  2008;  van  Paassen  et  al.,  2010b).  No  published  work  to  date  has 
discussed the possibility of simply injecting MICP solution by surface percolation 
(e.g.  spray,  irrigation,  trickling,  etc.)  in  unsaturated  soils.  In  addition,  the 
mechanism of crystals formation in unsaturated soils and correlation of this type 
crystals and mechanical properties of the treated soils are not known.  
The production of urease positive bacteria represents a major cost factor, which 
may limit the commercialization of the technology. The high costs include the 
labor / energy / equipment / and transport involved when producing the bacteria 
by a biotechnology company. Thus current MICP is a challenging process since it 
is subjected to expensive growth of ureolytic bacteria. To improve MICP to be a 
competitive  soil  improvement  technique,  it  is  most  desirable  to  develop  an 
economically biological cultivation method, which can cultivate ureolytic bacteria 
on low-cost media (e.g. food waste) under non-sterile conditions.   
During  the  MICP  process  the  bacterial  enzyme  can  be  reused  in  subsequent 
applications  (2-3  times)  of  chemical  reagents  only  (Whiffin,  2004).  However, 
additional injection of bacterial suspension is required to maintain a high rate of 
urea hydrolysis. In natural soils urease positive bacteria are widely distributed 
with  limited  population,  which  plays  an  essential  role  in  nitrogen  metabolism 
(Mulvaney and Bremner, 1981). As the technique of enriching ureolytic bacteria 
from natural sources (such as soils) has been well established, it is feasible to 
enrich  indigenous  soil  ureolytic  bacteria  in-situ  that  can  maintain  the  in-situ 
urease activity by providing nutrients associated with selective growth conditions. Chapter 1 
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1.7 Thesis Objectives  
The specific objectives of this thesis are: 
1.  To develop a bacterial immobilization process that works for unsaturated 
sand and allow the in-situ soil cementation of non-saturated soils by using 
a simple surface percolation application; 
2.  To examine the surface percolation technique with a large-scale trial in 
order to clarify its advantages and limitations in the applications of soil 
improvement. 
3.  To  examine  the  CaCO3  crystal  formation  in  a  soil  matrix  under  non- 
saturated conditions and the correlation of CaCO3 content and mechanical 
properties of cemented soils;  
4.  To make use of the natural capacity of the highly urease active alkaliphiles 
of the type of S. pasteurii to thrive in conditions that are toxic to most 
other bacteria to develop a selective enrichment and production method for 
bacterial urease at non-sterile condition; and 
5.  To develop a method that is suitable for the in-situ growing indigenous 
soil urease positive strains, and investigate the effect of the in-situ growth 
of urease positive strains on biocementation. 
 
1.8 Approach of this study 
The approach of the present study was to combine together the applicability of 
MICP and the knowledge of hydraulics, microbiology, and soil mechanics that 
already  established  in  the  literatures.  The  product  of  this  combination  was 
anticipated  to  enable  development  of  a  MICP  technique  that  produced 
strengthened soil more simply, economically and efficiently. 
In order to investigate and establish the relation between operational variables and 
experimental results, in this study the empirical and fundamental approaches were Chapter 1 
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fused. An empirical approach was used to provide a proof of principle of the 
method and essential information for the executors. A fundamental approach was 
used to provide explanations for the experimental observations and predict the 
results of processes.  Chapter 2 
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2  In-Situ Soil Cementation with Ureolytic 
Bacteria by Surface Percolation 
 
 
This chapter has been published as Cheng, L., Cord-Ruwisch, R. 2012. In-situ soil 
cementation  with  ureolytic  bacteria  by  surface  percolation.  Ecological 
Engineering. 42:64-72. 
   Chapter 2 
9  23 
Abstract 
The  possibility  of  using  microbiological  processes  to  improve  the  mechanical 
properties  of  soil  by  undisturbed  in-situ  application  has  gained  attention  over 
recent years. This paper describes a new variation of in-situ soil reinforcement 
technology based on Microbially Induced Carbonate Precipitation (MICP), which 
involves  both  the  hydrolysis  of  urea  by  soil  bacteria  enzyme  and  calcium 
carbonate precipitation in the presence of dissolved calcium ions. In contrast to 
other previously published approaches, the current work uses surface percolation 
for  in-situ  placement  of  bacteria  and  cementation  solution.  Bacteria  could  be 
immobilized over the full length of a 1 m column by surface percolation. To 
accomplish this it was necessary to percolate alternate solutions containing either 
bacteria or fixation solution containing calcium ions. 
The biologically triggered cementation resulted in homogeneous cementation over 
the entire length of the 1-meter sand column. The efficiency of calcite crystals to 
form  strength  was  found  to  be  related  to  the  pore  water  content  of  the 
continuously  drained  column  with  less  water  content  enabling  more  efficient 
strength formation. Scanning electron microscopy supported the idea that lower 
water  contents  lead  to  selective  positioning  of  crystals  at  the  bridging  points 
between sand grains. These findings imply that the cost of MICP technology can 
be reduced by optimizing the conditions for effective crystals precipitation. This is 
expected  to  make  this  technology  more  readily  acceptable  for  large  scale 
applications 
KEYWORDS:  Biocementation,  Microbially  induced  carbonate  precipitation 
(MICP), Calcium carbonate, soil improvement, unsaturated soil, soil liquefaction 
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2.1 Introduction 
Microbial induced calcium carbonate precipitation (MICP) by urea hydrolysis has 
been a topical subject of research in recent years (Ivanov and Chu, 2008; De 
Muynck et al., 2010). Enabled by interdisciplinary research at the confluence of 
microbiology, geochemistry, and civil engineering (DeJong et al., 2010), MICP 
technology  has  been  applied  to  relevant  applications,  such  as  wastewater 
treatment (Hammes et al., 2003), and calcareous stone restoration (Stocks- Fischer 
et al., 1999; Castanier et al., 2000). In addition, this process has been explored for 
the improvement of the strength and stability of soft and poorly consolidated sand 
soil (Whiffin et al., 2007; van Paassen et al., 2009b; van Paassen et al., 2010b). 
Compared to chemical or cement grouting techniques, which are usually harmful 
to  the  environment,  MICP  has  been  proposed  as  an  environmentally  friendly 
method (Le Metayer-Levrel et al., 1999).   
The microbial method of soil improvement generally involves three steps:  
1. Urea is hydrolyzed by microbial urease to form ammonium and carbonate ions 
(Eq. 2.1). 
[2.1]  CO(NH2)2 +2H2O → 2NH4
+ + CO3
2-      
2. The produced carbonate ions react with calcium ions and precipitate as calcium 
carbonate crystals (Eq. 2.2). 
[2.2]  Ca
2+ + CO3
2-→ CaCO3 (s)                   
3. Sand grains are bound together by the calcium carbonate crystals.  
As the bacterial cells are distributed throughout the solution, or sand core, the 
reaction of generating an oversaturation of dissolved calcium carbonate happens 
uniformly throughout the sample and at a controlled rate. This is in contrast to 
reactions resulting from mixing calcium solutions with carbonate solutions. 
Current exploitations of the bacterial capacity to release carbonate in-situ in the 
presence of calcium ions has been limited to using water logged soils (DeJong et 
al., 2006; Whiffin et al., 2007; van Paassen et al., 2009b; van Paassen et al., Chapter 2 
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2010b), requiring heavy machinery and hydraulic injection of the cementation 
solutions.  In  order  to  induce  MICP  in  the  water  saturated  soil  subsurface,  a 
method of two-phase injection of bacterial suspension and cementation solution 
for  bacterial  immobilization  has  been  developed  (Whiffin  et  al.,  2007;  van 
Paassen et al., 2010b). This method makes use of the effect of ionic strength, on 
microbial fixation to sand particles. Increased ionic strength, in particular calcium 
ion  concentration,  encourages  bacterial  adsorption  onto  the  surface  of  sand 
particles  (Scholl  et  al.,  1990;  Torkzaban  et  al.,  2008).  Initially,  a  solution  of 
suspended bacteria is injected into a soil matrix. This is followed by the addition 
of a fixation solution consisting of 50 mM CaCl2.  
For sufficient bacterial adsorption, a slow flow rate of fixation solution is required 
which  will  enable  adequate  intermixing  between  the  bacterial  suspension  and 
fixation solution (Harkes et al., 2010).   
The  cementation  of  non-water  saturated  sandy  soils,  as  they  are  encountered 
above  the  groundwater  table,  and  in  areas  such  as  sand  dykes,  road  or  train 
embankments,  and  sand  dunes  etc.,  has  not  been  studied  and  described 
extensively.  This  is  most  likely  due  to  the  less  control  of  flow  that  can  be 
exercised in the non-saturated soil environment.  
The aims of this paper are to:  
•  develop a bacterial immobilization process that works for unsaturated sand  
•  allow the in-situ soil cementation of non saturated soils by using a simple 
surface percolation application, and 
•  understand calcite crystal formation in a soil matrix under a non-water 
saturated condition. 
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2.2 Materials and Methods 
2.2.1  Bacterial Culture and Cementation Solution 
The urease active bacteria named as MCP-11 (Bacillus sphaericus, available now 
from  Deutsche  Sammlung  von  Mikroorganismen  und  Zellkulturen  (DSMZ), 
Germany)  have  been  isolated  from  local  soil  samples  in  the  Laboratory  of 
Biological and Biotech Science of Murdoch University, WA (Al-Thawadi, 2008). 
For the current study, samples of the isolated strain (MCP-11) were cultivated 
under sterile aerobic batch conditions in a medium consisting of 20 g/L yeast 
extract, 0.17 M ammonia sulphate and 0.1 mM NiCl2, at pH of 9.25.  After 24 
hours incubation at 28 
oC, the culture was collected and stored at 4°C prior to use. 
The optical density (OD600) of harvested culture varied between 1.5 to 2 and the 
urease activity was approximately 10 U/ml (1 U=1 µmol urea hydrolyzed per 
min).  Cementation solution consisted of 1 M CaCl2 and 1 M urea.  
 
2.2.2  Sand Column Setup  
Pure silica sand (Cook Industrial, Minerals Pty. Ltd. Western Australia) was used 
(>0.3mm: 1.13%, 0.212-0.3 mm: 63.39%, 0.15-0.212 mm: 29.59%, and <0.15 
mm: 5.89%) for all experiments. All columns used in this study were made of 
Poly Vinyl Chloride (PVC) tubing (internal diameter of 4.5 cm, length of 30 cm 
and  1  m).  Sand  columns  were  packed  with  dry  silica  sand  under  continuous 
vibration to give an even density of 1.61~1.63 g/cm
3 (porosity 37.3~38.5%). The 
top and bottom of column were covered with a layer of scouring pads (porous 
plastic pad) as filters.   
Under  surface  percolation  and  fully  drained  conditions,  the  water  retention 
capacity of 30 cm and 1 m sand columns was determined to be about 180 mL and 
360 mL respectively. The retained water was characterized as adsorbed water, that 
is the water had been adsorbed onto the sand grain surface, and capillary water, 
the water found between the grains (Baker and Frydman, 2009).   Chapter 2 
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In this study, the sand columns were treated under two different water saturation 
conditions. (1) Fully water saturated conditions: sand columns were treated by the 
submersed flow method. The setup and bacterial fixation process was based on 
the method proposed by Harkes et al. (2010), which uses 25% void volume of 
bacterial suspension followed by 25% void volume of fixation solution consisting 
of  50  mM  of  CaCl2  (Figure  2.1A),  except  for  the  flow  rate,  which  was  kept 
constant at 220 mL/h. The cementation process was based on the method that was 
described by Whiffin et al. (2007). (2) Unsaturated conditions: sand columns were 
free drained and treated by surface percolation, as described below.  
               
 
 
 
            
           
 
 
 
Aɿ Submersed Flow Treatment                         Bɿ Surface Percolation Treatment 
Figure 2.1. Comparative scheme of submersed flow treatment (A, saturated (Whiffin et al., 2007)) 
and surface percolation treatment (B, unsaturated) of the biocementation process. 
 
2.2.3  Percolation Method of Cementation and Sampling 
For  biocementation  under  unsaturated  conditions  the  percolation  method  was 
used. Sand columns were positioned vertically with top and bottom fully open. 
Reagents (bacterial suspension and cementation solution) were introduced from 
the top of the columns (Figure 2.1B). The transport of liquid was the result of 
gravity and capillary forces.  
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Unless otherwise stated for specific experiments, the percolation method consisted 
of the following 4 steps:  
1)  Percolation of bacterial suspension (50% of the water retention capacity of 
the sand columns (90 mL for 30 cm columns, 180 mL for 1 m columns)) 
2)  Percolation of fixation solution (same amount as aforementioned bacterial 
suspension),  which  was  identical  to  the  cementation  unless  otherwise 
specified.  
3)  Incubation for 12 hours at 25±1°C, allowing the added layers to diffuse 
into each other. 
4)  Percolation of cementation solution (100% of the water retention capacity 
of the sand columns) and allowing the reaction process (urease hydrolysis 
and calcite precipitation) to occur for 12 hours. During the percolation, the 
introduced solution, including bacterial suspension, fixation solution, and 
fixation solution, formed about 5 cm high ponding on the top surface. 
Accordingly, the percolation rate of the liquid into the sand was about 2.2 
L/h. 
The  separate  addition  of  bacterial  suspension  (BS)  and  fixation  solution  (FS) 
could also be in more than two layers, for example by adding 25% of the water 
retention capacity of BS + FS + BS +FS to accomplish 4 layers (Figure 2.2). By 
alternately  injecting  smaller  volumes  of  bacterial  suspension  and  cementation 
solution multiple layers (2-12 layers) were created in each of four sand columns.  
During the course of all experiments, samples were taken from the outlet and 
immediately tested for urease activity and ammonium concentration. By recording 
the urease activity in the effluent, the bacterial activity lost from the columns was 
determined. The bacterial urease activity retained in the column was calculated by 
subtraction from introduced activity. 
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2.2.4  Monitoring Methods 
2.2.4.1  Total Ammonia Nitrogen Concentration  
Total  ammonia  nitrogen  concentration  was  determined  by  the  Nessler  method 
(Greenburg  et  al.,  1992).  A  standard  curve  was  generated  by  using  analytic 
ammonium chloride (Appendix A). 
2.2.4.2  Biomass Measurement (OD 600) 
Biomass concentration was determined by measuring optical density of bacterial 
suspension with a spectrophotometer (Pharmacia Biotech NovaspecII, Cambridge, 
England) at a wavelength of 600 nm (Harkes et al., 2010).  If required, samples 
were diluted to stay in the absorbance range of 0.2 to 1.  
 
Figure 2.2. Diagram of bacteria placement by introducing different numbers of alternating layers 
(bacterial suspension / CaCl2 + urea). 
 
2.2.4.3  Urease Activity 
In  the  absence  of  calcium  ions,  urease  activity  was  determined  via  solution 
conductivity (Whiffin, 2004). 1 mL of bacterial suspension was added to 5 mL of Chapter 2 
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3 M urea and 4 mL of DI water (reaction concentration 1.5 M urea) and the 
relative conductivity change was recorded over 5 mins at 25±1
oC. The urease 
activity was then calculated taking the dilution into account. In the presence of 
calcium ions, urease activity was determined from the ammonia production rate. 
Urease activity for both methods was determined independently found to correlate 
well (R
2=0.992) with each other. One unit of urease activity is defined as the 
amount of enzyme that degrades 1 µmol of urea per minute at 25°C.   
Urease activity retained in the column was determined by subtracting the urease 
activity  present  in  the  effluent  from  the  amount  of  urease  introduced.  As  the 
culture was collected at the stationary phase of growth (i.e. all readily available 
nutrients were consumed from the medium), no further growth of bacterial cells in 
the sand column during the incubation time could occur. As the detection of the 
effluent  activity  was  conducted  immediately,  the  decay  of  activity  or  urease 
excretion by the bacterial cells would not be taken into account.  
2.2.4.4  Calcium Carbonate Content 
Calcium carbonate content of the consolidated samples was determined by adding 
2 mL of 2 M HCl solution into a 1-2 g dry sample and then measuring the volume 
of CO2 gas with a U-tube manometer under standard conditions (25
o C, 1 atm) 
(Whiffin et al., 2007). The calibration was made with analytical grade CaCO3 
powder (Appendix C). 
2.2.4.5  Strength Measurement  
In order to measure the local strength (Al-Thawadi, 2008), the consolidated sand 
columns were cut into 3cm sections and strength determined by using a pocket 
penetrometer. Several stainless steel flat tips of different diameters were chosen 
depending on sample strength. The tip was applied on the center of the cross 
section (center of circle). The penetrometer was calibrated with dead weights (0.5-
7 kg) prior to use. The reading of loaded weight was recorded when the sample 
was  penetrated  completely  (breakage).  The  local  strength  was  calculated 
according to the following equations (Eqns. 3 and 4). 
[2.3]  Local strength P (N.cm
-2)= W (kg)×g (m×s
-2)/S (cm
2)    Chapter 2 
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Where,  W  (kg):  the  reading  obtained  from  the  pocket  penetrometer,  g: 
gravitational acceleration, S: surface area of tip.  
[2.4]  S (cm
2) =π×(D/2)
2                                                           
Where, D is the diameter of the pocket penetrometer tip. 
To determine the entire strength of the cemented column, it was cut into 9 cm 
sections to give a length/diameter ratio of 2, and compressive strength (q) was 
determined  by  single-stage  unconfined  compression  strength  (UCS)  tests 
(conforming with Australian standard 1012.9-1999). 
2.2.4.6  Scanning Electron Microscope (SEM) 
Fractions of cemented samples, taken from different parts of 1-meter sand column, 
were prepared and examined by scanning electron microscope (PHILIPS XL20 
Scanning Electron Microscope, Eindhoven, The Netherlands).  
 
2.3 Results  
2.3.1  Bacterial  fixation  Method  of  Submersed  Flow 
Application is Not Suitable for Surface Percolation 
Treatment in Dry Sand 
For successful bio-cementation it is necessary that firstly bacteria are introduced 
into the soil and immobilized, followed by the application of cementation solution, 
containing urea and calcium chloride. The urease activity of the bacteria retained 
in the soil then generates carbonate from urea hydrolysis, which in the presence of 
excess  calcium  ions  precipitates  as  calcium  carbonate.  This  method  has  been 
developed and patented (Kucharski el al., 2006) and described in detail for water 
saturated  soils  in  which  liquid  transfer  is  accomplished  by  pumping  solutions 
from an injection point to a recovery point (Kucharski et al., 2006; Whiffin et al., 
2007; van Paassen et al., 2009a). Chapter 2 
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There  is  a  clear  potential  for  the  use  of  in-situ  stabilization  of  soils  for  non-
saturated conditions such as sand dykes, train embankments, mine-site slopes and 
road pavements. For a good stabilization of loose sand sufficient bacterial cells 
inside of sand column need to be retained. The addition of calcium salts has been 
shown  to  enhance  bacterial  retention  in  sand  columns  (Whiffin  et  al.,  2007; 
Harkes et al., 2010).   
The bacterial fixation method proposed by Harkes et al. (2010) was used in both 
submersed flow and surface percolation application. This method resulted in a 
fixation  urease  activity  of  about  85%  (15%  lost)  and  30%  (70%  lost)  for 
submersed and percolation treatment respectively (top and bottom lines in Figure 
2.3).  In  order  to  improve  bacterial  fixation  for  percolation  treatment  lower 
percolation  rates  (220  mL/h)  by  slowly  trickling  solution  and  higher  calcium 
concentrations (100 mM CaCl2 and 1 M cementation solution) were tested but did 
not result in effective fixation. 
 
Figure 2.3. Normalized cumulative loss of urease activity from sand columns by flushing-out by 
different fixation solutions (45 mL), flushed after a 0.25 pore voids volume of bacterial suspension 
(45 mL) under surface percolation treatment (SP) without flow rate control: (○) 50 mM CaCl2; (□) 
100 mM CaCl2; (∆) cementation solution; and with flow rate control (220mL/h) (• 50mL CaCl2).  
Submersed Flow (SF) with flow rate control (220mL/h) was operated as control: (× 50mL CaCl2). 
 
Local strength analysis of the above samples showed that the strength of such 
percolation  treatment  was  significantly  inferior  to  the  strength  obtained  from 
saturated treatment (Figure 2.4). Low local cementation (average local strength 
<1000 N·cm
-2) was obtained in the percolation application while the sand column 
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treated by the previously described method using submersed flow developed an 
average  local  strength  level  of  2500  N·cm
-2.  The  fact  that  less  strength  was 
formed via surface percolation suggested that the calcium carbonate formation 
reaction was not completed. This was evident by the urea conversion, which was 
only 40% in the percolation method compared to 80% in the submersed flow 
method. This was probably due to less immobilized bacterial cells. 
 
Figure 2.4. Local strength profiles of cemented columns treated by percolation  (◊) and submersed 
flow (■) with 50 mM CaCl2 fixation solution and 220 mL/h flow rate. The columns were injected 
with 45mL of a ureolytic (10 U/mL) bacterial suspension. For cementation 3 batches of 1 M 
urea/calcium cementation solution (3×180 mL) were used. 
 
2.3.2  Improving Bacterial Retention by Incubation in the 
Presence of Cementation Solution 
The reason why fixation method did not work well in the percolation treatment 
above (Figure 2.3) could be inadequate mixing, preventing the access of high 
ionic strength solution to the bacterial suspension. To achieve better intermixing 
of the bacterial and cementation solution an incubation period was used after the 
sequential loading of 90 mL (50% void volume) bacteria solution and 90 mL 
cementation solution. After these solutions were fully loaded into columns, the 
columns were incubated for 0, 6, 12 and 24 hours at 25±1°C respectively. 
Therefore, the column had two layers of solution present. It was anticipated that 
incubation process could allow the Ca
2+ ions to diffuse to the bacterial suspension, 
improving their immobilization. After the incubation, further cementation solution 
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was added, pushing out those bacteria that were not fixed to the sand (Figure 2.5). 
The  retention  of  bacteria  in  the  sand  was  greatly  aided  by  the  duration  of 
incubation.  A  minimum  of  24  hours  of  incubation  was  needed  to  improve 
bacterial activity retention from 30% (70% lost) to approximately 80% (20% lost) 
(Figure 2.5).  
 
Figure 2.5. Normalized accumulative loss of urease activity of the columns injected with half pore 
voids  volume  (90  mL)  of  each  bacterial  suspension  and  cementation  solution  with  different 
incubation times allowed prior to flushing further cementation solution into the column. (without 
incubation (□), 6 hours of incubation (×), 12 hours of incubation (∆), and 24 hours of incubation 
(○))  
 
2.3.3  Improving  Bacterial  Retention  by  Using  Multi-
layers  of  Bacterial  Suspension  and  Cementation 
Solution 
In  the  previous  experiments,  better  mixing  between  bacteria  and  cementation 
solution was reached by allowing an incubation time for diffusion between the 
different layers of solution. Alternatively, thinner layers would also be expected to 
enhance diffusion. To evaluate the effect of thinner layers on bacteria retention, 
the 30 cm columns were injected with layers of different thickness resulting in 1 
to 12 layers of alternating content of bacterial suspension/cementation solution. A 
clear trend was obtained showing that the bacterial retention increased with the 
number of layers used (Figure 2.6). 
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Figure 2.6. Effect of number of layers of alternating bacteria/cementation solution on total bacteria 
retention (○) (measured by recording bacterial activity in the outflow) and urea conversion (•) 
(after 12h) in each column (total 5 columns were tested).  
 
Thinner  layers  of  alternating  bacteria/cementation  solution  (i.e.,  increased 
numbers of layers) in the column improved the bacterial retention (Figure 2.6). 
However, the total urea conversion did not improve with the level of bacteria 
fixation in the thinnest layers (6 and 12 layers) (Figure 2.6). This was caused by 
an obvious crust formation at the top of the column, where bacterial cells were 
filtered out and accumulated close to the injection point. The crust formation can 
be demonstrated by a high local strength layer at the top of the column (Figure 
2.7). In contrast to the columns with 12 and 6 layers where crust formation was 
observed, the strength was uniform to the full depth of the column when 4 layers 
were used. Using less than 4 layers resulted in more strength formation in the 
lower layer (Figure 2.7). The effect of using different layers could be useful to 
customize biocementation, aiming at either uniform strength or targeted strength 
(either upper or lower layers). 
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Figure 2.7. Effect of number of layers of bacteria/cementation solution on strength profiles along 
the column length. (Columns percolated with 2 layers (□), 4 layers (△), 6 layers (○) and 12(◇) 
layers of alternating bacteria/cementation solution). In this experiment step 4 of the percolation 
treatment was carried out twice.  
 
Controlled  bacterial  placement  as  described  above,  enabled  successful 
consolidation of sand columns treated with surface percolation as measured by 
local strength. While local strength measurements give a good relative indication 
of strength distribution, geotechnical engineers require UCS data as an established 
measure.  UCS  tests  showed  that  strength  of  sand  columns  treated  by  surface 
percolation were similar to columns treated with the more established submersed 
flow  application  (Table  2.1).  In  both  cases  similar  amounts  of  cementation 
solution and bacterial solution were used. This shows that in the case described 
here, the simpler percolation treatment could enhance soil strength in much the 
same way as the traditional submersed method. 
Table  2.1.  Comparison  of  consolidated  sand  columns  treated  with  surface  percolation  and 
submersed flow methods, both with high water content (>90% saturation). 30 cm sand columns 
were treated and the middle part (9 cm long) was used for UCS and CaCO3 tests. 90 mL of 
bacterial suspension and 800 mL of cementation solution were used.  
Sand samples  Bacterial 
placement 
Volumetric 
water content 
(%) 
Bacteria 
retention 
Urea 
conversion 
CaCO3 
content 
(g/cm
3) 
UCS 
(kPa) 
Surface percolation 
(Funicular regime) 
4 Alternating 
layers  35.9-37.1  75%  86%  0.12  390 
Submersed flow 
(Saturated regime) 
50 mM CaCl2 
fixation solution  38.5  82%  92%  0.14  340 
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2.3.4  Treatment  of  1  m  Sand  Columns  with  Surface 
Percolation and Submersed Flow Methods 
Pratical  and  engineering  applications  of  soil  stabilisation  will  need  deeper 
consolidation. In order to test the effect of multi-layered bacterial placement on 
consolidation in longer sand columns, two 1 m sand columns were treated by 
surface percolation. In each of the columns bacteria were placed by using 2 and 6 
layers  of  alternating  bacteria/cementation  solution  respectively,  after  12  hours 
followed by 2 injections of cementation solution. The local strength determination 
of  the  treated  sand  column  showed  that  deep  consolidation  of  sand  could  be 
obtained by using surface percolation application (Figure 2.8).   
The 6 layered column reached a higher average strength and more homogeneous 
strength distribution compared to the 2 layered column (Figure 2.8). This can be 
explained  by  the  higher  bacterial  retention  (85%  compared  to  60%)  and  the 
greater amount of urea hydrolyzed (92% compared to 77%) (Table 2.2).  
Table 2.2. Urease activity fixation and urea conversion in 1 m sand columns 
Sand samples  Bacterial placement  Bacteria 
retention 
Urea 
conversion 
Surface percolation  2 Alternating layers  60%  77% 
6 Alternating layers  85%  92% 
 
Figure 2.8. Effect of the number of layers of bacteria/cementation solution on the local strength 
profile of 30 cm sand column consolidation (surface percolation). 180 mL of bacterial suspension 
and 900 mL of cementation solution were used for the column. 
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For submersed flow application of biocementation (biogrout) where sand is fully 
water-saturated,  van  Paassen  et  al.  (2010b)  have  established  that  there  is  a 
correlation between calcium carbonate precipitated and mechanical properties of 
the treated sand (UCS, permeability, shear modulus, deformation behavior, etc.). 
The current study confirmed this trend for the submersed cementation  where 
increased local strength was  observed at the top and bottom of the column where 
also the calcium carbonate concentration was highest (Figure 2.9).  
In contrast to the submersed cementation method, the surface percolation method 
(non-saturated  condition)  resulted  in  higher  local  strength  and  showed  no 
correlation  between  strength  and  the  amount  of  calcium  carbonate  that  had 
precipitated. Comparison of local strength with the amount of calcium carbonate 
precipitated in each layer of the percolation treated 1 m column showed that while 
calcium  carbonate  content  increased  with  the  depth  of  the  column,  the  local 
strength  of  samples  did  not  increase  proportionally  (Figure  2.9).  A  relatively 
constant local strength was obtained overall the sand column, while three times 
more of calcium carbonate crystals were precipitated at the bottom of column 
compared to the top part. 
In the sand columns treated by the submersed flow method, calcium carbonate 
contents of cemented sand less than 0.05 g/cm
3 resulted in non-measureable local 
strength (Figure 2.9), which is in line with the previous literature observations 
(Whiffin  et  al.,  2007).  To  obtain  higher  strength,  repeated  applications  are 
necessary.  It  was  surprising  that  the  sand  column  treated  by  the  surface 
percolation method (6 layers) showed a high local strength of 2500 N/cm
2 (10 to 
30 cm) at low CaCO3 of only 0.03 g/cm
3 (Figure 2.9). This rather strong effect of 
significantly  increased  strength  with  similar  or  even  less  amounts  of  CaCO3 
formed is interesting in both scientific and applied aspects.  
The finding of highest strength with least calcium carbonate formed, obtained at 
the  top  layer  of  sand  column  treated  by  the  percolation  method  (Figure  2.9), 
implies that the calcium carbonate crystals formed in these particular area were 
specifically effective. Further SEM analysis of those cemented sand samples was 
carried out.  Chapter 2 
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Figure  2.9.  Profiles  of  local  strength  and  CaCO3  content  of  consolidated  sand  columns  (1  m 
length) treated by the surface percolation (6 layers) and submersed flow methods. Both methods 
used  the  same  amount  of  bacterial  suspension  (180  mL),  and  urea/calcium  (0.9  mol).  The 
cementation step (step 4) was carried out twice. The submersed treatment required a larger volume 
of cementation solution, which was accordingly diluted. The total amount of  calcium carbonate 
formed in the columns was similar (82 g (surface percolation) and 78 g (submersed flow)) as 
expected due to same total amounts of urea and calcium added. 
 
2.3.5  Effect  of  Water  Content  Differences  In  the 
Percolated Column  
The  surface  percolated  sand  columns  showed  a  gradient  of  volumetric  water 
content from 7% at the surface, where, according to unsaturated soil mechanics 
theory (Figure 2.10b), the solution exists primarily in the form of disconnected 
menisci,  to  about  39  %  at  the  bottom  where  the  sand  matrix  is  completely 
saturated  and  filled  with  solution  (Figure  2.10a).  The  phenomenon  of  higher 
water content towards the bottom end of the columns is a known phenomenon 
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explained in detail in Lu and Likos (2004). As crystals can only form inside the 
cementation solution, crystal formation in the top of the column was restricted to 
form  precisely  where  the  menisci  were  situated,  which  is  the  bridging  points 
between sand grains, the preferred location for crystals that provide strength. 
To test the above hypothesis of preferred crystal formation at the bridging points 
between sand grains at low water levels, scanning electron microscopy (SEM) 
was used to inspect crystal numbers and positions. The SEM images of cemented 
samples taken from top and bottom of the percolated column (6 layers) showed 
that the bridging crystals formed in the gaps of sand grains were predominant in 
the top of column (Figure 2.11). By counting the number of crystals in the image, 
more than 80 % of total crystals were precipitated in the gaps and acted as a 
bridge to bind sand grains. In contrast, in the bottom of the column less than 10% 
of  crystals  were  precipitated  in  the  conjunctions,  but  a  larger  number  of  total 
crystals was present. 
                    
(a)           (b) 
Figure  2.10.  (a)  Profile  of  volumetric  water  content  in  a  1  m  sand  column  under  surface 
percolation (unsaturated) conditions (porosity 37.7%) and (b) conceptual illustration of saturation 
in the unsaturated soil zone and water regime of the unsaturated soil zone (modified from Lu and 
Likos, 2004).  
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Figure 2.11. SEM images of cemented sand samples taken from top (A) and bottom (B) of the 
percolated  column  (6  layers).  Arrows  indicate  the  location  of  “bridging  crystals”.  Percentage 
values give the percentage of bridging crystals for each section. The porosity restriction caused by 
numerous crystals coating sand grains in the bottom part of the column can be visualized.  
 
2.4 Discussion 
The results of this paper show that the biocementation process, based on ureolytic 
bacteria  inducing  calcium  carbonate  precipitation,  not  only  works  in  water 
saturated sand by the submersed flow method, but also in unsaturated sand by 
surface percolation. The use of the percolation method is not only easier but also 
produced higher strength than the submersed flow method. The increased strength 
is not attributed to the different type of operation but to the lower water content in 
free draining soil compared to submersed soil as this paper shows that in the same 
column more strength is obtained where the water content is lower. 
Bacterial fixation 
The problem of bacteria washout (Figure 2.3) at high percolation rates could be 
overcome by using a method in which the bacterial cells were incubated in the 
presence of cementation solution (Figure 2.5). This can be accomplished by using 
discrete  alternations  of  the  two  different  fluids,  bacterial  suspension  and 
cementation solution. This method of fixing bacteria in a sand column by using 
alternating  layers  of  bacterial  suspension  and  fixation  solution  is  based  on 
diffusion principles and may also be useful for the fixation of non-urease active 
bacteria in the soil. Future work could test whether this method can be applied for 
Bridging Crystals 
(80%) 
Bridging 
Crystals (10%) 
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purposes other than biocementation, for example bioremediation of contaminated 
soils.  
The success of this method to fix bacteria in the sand column could be explained 
by one or all of the following effects: (1) Time-dependent bacterial attachment, 
usually mediated by extracellular polymers (Fletcher et al., 1973; Marshall 1985; 
Morris  et  al.,  1989).  (2)  Time-dependent  calcium  ion  diffusion  from  the 
cementation solution increases the ionic strength around the bacterial cells, which 
is known to encourage bacterial attachment (Scholl et al., 1990; Torkzaban et al., 
2008). The ions diffusion between the layers was illustrated in Appendix B.  (3) 
Calcium  carbonate  crystals,  by  acting  as  filter,  prevent  bacterial  cells  from 
washing  out.  (4)  Difference  in  retardation  and  dispersion  between  suspended 
bacteria  and  the  dissolved  ions  (i.e.  calcium),  leading  to  the  two  solutions  is 
overlapping.  
For calcium ions to reach the bacteria they need to diffuse through the interface of 
the cementation solution and bacterial solution. Hence by using multiple thinner 
layers of the two solutions will improve the access of calcium to the bacteria-
encouraging fixation (Figure 2.2). In order to achieve homogeneous strength, a 
thickness of the supplied layers needs to be chosen that is suitable for the desired 
depth of cementation. The aim is to prevent both crust formation and insufficient 
cementation.  Using  many  thin  layers  (e.g.  <  3  cm  thickness)  caused  crust 
formation due to bacterial accumulation close to the surface. By contrast, thicker 
layers  of  bacterial  suspension  enable  cells  to  be  transported  deeper  into  the 
column. For example, in the 1-meter column with a layer thickness of 10 cm, the 
bacterial suspension successfully reached the bottom where it was immobilized as 
evidenced by high levels of CaCO3 (Figure 2.9). However layer thickness of 30 
cm or more resulted in bacteria washout and insufficient cementation (Figure 2.6 
and Figure 2.8). 
Effect of water content on effective crystal formation  
Generally, the soil located above the underground water table can be subdivided 
into three regimes: 1) capillary fringe (saturated), 2) funicular regime (unsaturated 
with continuous water phase), and 3) residual or pendular regime (unsaturated Chapter 2 
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with  isolated  water  phase)  (Figure  2.10b).  These  regimes  are  principally 
characterized by different water content and water pressure (Lu and Likos, 2004). 
In this study where the 1 m column was freely drained during the experiments 
only the funicular and the pendular regime were present. This was evident by the 
profile of volumetric water content (Figure 2.10a).   
The successful consolidation of the entire sand column showed that the surface 
percolation method could effectively cement the sand of different water contents. 
This fact could be useful for treating loose sandy soil to extending depth (i.e. 
reaching funicular zone).  
In the 1 m column treated by the surface percolation method, less CaCO3 crystals 
formed in the pendular regime compared to the funicular regime. This is expected, 
as there was 4 times less liquid and hence 4 times less calcium available for 
calcite  precipitation.  The  difference  in  calcite  content  (3  times  less  in  the  top 
(pendular regime)) was approximately reflected by the difference in water content 
(4 times) present during the cementation reaction. Despite the higher amount of 
crystals observed in the funicular regime (bottom layer), no increased in strength 
was found, as the strength was relatively uniform. With other words, the strength 
per amount of calcite present  (specific strength) had decreased from the pendular 
regime to the funicular regime suggesting that more specific strength is obtained 
with lower water content in the sand. 
In the top layer of a 1-meter column, the residual water after drainage is known to 
accumulate largely at the contact points between sand grains as menisci (Figure 
2.10)  due  to  capillary  forces  (Lu  and  Likos,  2004).  Hence  the  crystals 
precipitation will be restricted to these precise locations and crystal formation will 
occur, at what could be considered the optimum position for bridging of sand 
grains and developing strength (Figure 2.11). Crystals at junctions are likely to be 
strength providing crystals (Paraskeva et al., 2000; Ismail et al., 2002a), while 
crystals that form on the sand grain or in the pore space, as expected at higher 
water content cannot be seen to add to strength. 
In general, biocementation at the high (> 30%) water content conditions (short 30 
cm percolated column and the bottom part of 1-meter percolated column) led to Chapter 2 
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similar  strength  as  the  submersed  application  (Table  2.1  and  Figure  2.9) 
suggesting  that  it  is  the  water  content  rather  the  method  of  application  that 
determines the degree of soil solidification obtained. The specific strength (local 
strength/calcite content) of those high water content biocementations could not 
reach the strength obtained for the low water content areas (pendular regime).  
Potential practical limitations of the method 
This study is limited to one-dimensional vertical cementation in which the flow 
conditions were confined by the column walls. In a real application the liquid flow 
will be three-dimensional. In this case the fluid density and porosity of the sand 
matrix will influence the local water content and also the flow dynamics of the 
different  layers.  However,  the  precipitated  crystals  may  also  play  a  role  in 
controlling the liquid flow. It would be expected that as the initial opted pathway 
of solutions becomes restricted due to crystal formation, the liquid flow would 
change  to  alternative  pathways  with  a  lower  permeability  resistance.  To  what 
extent homogeneity can be reached when allowing a 3-dimensional flow, will be 
described in a subsequent paper.  
Potential application of biocementation by surface percolation 
The  described  method  opens  up  new  potential  applications  for  the  process  of 
biocementation using ureolytic bacteria.  While the submersed method is suited 
for  in-situ  stabilisation  of  soils  below  groundwater  level,  the  current  method 
enables  the  simple  process  of  surface  percolation  by  –  for  example  –  spray 
irrigation onto dry, free draining ground, such as dunes or dykes. Because of up to 
three  times  higher  strengths  reached  with  the  same  amount  of  chemicals  the 
method  offers  also  a  potentially  cheaper  way  of  ground  improvement  than 
previously described submersed application. However before this method can be 
widely used, practical problems (e.g. soil inconsistencies, water repellency, etc.) 
need to be explored and solved with large scale applications. Further research is 
needed to investigate whether this method can be used for coarse sands and and 
silty  soils  and  whether  the  results  shown  can  be  confirmed  with  unconfined 
strength measurements.  Chapter 2 
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Overall the results suggest that MICP by surface percolation has the potential of 
cementing soil grains to strength, similar to conventional grouting techniques (e.g. 
jet grouting, (Warner, 2004) or permeation grouting (DeJong et al., 2010)). The 
increased strength is often required to prevent unacceptable deformations (e.g. soil 
liquefaction)  caused  during  construction  and  operation  activities  or  natural 
phenomena such as earthquakes. The specific advantage of the surface appliation 
method described here is that it is non invasive. The surface percolation of MICP 
is most suitable for granular soils with high permeability, which allows for the 
unimpeded flow of the MICP solution permitting greater depths consolidation.  
Despite  the  strengthening  capabilities  of  groutings,  constituents  of  the 
conventional grout mixtures have come under close scrutiny due to their negative 
environmental impacts. Recent research indicates that all chemical grouts except 
sodium silicate are toxic and/or hazardous (DeJong et al., 2010). To what extent 
the MICP via the urease reaction is environmentally more acceptable remains to 
be seen. On the one hand the endproduct, calcium carbonate, is a common natural, 
stable and non-toxic mineral, on the other hand the by-product ammonia is not 
acceptable to many ground environments and may require expensive remediation 
processes.  Further,  more  applied  investigations  relating  to  reducing  soil 
liquefaction  and  land  sliding,  enhancing  slope  stability,  or  increasing  bearing 
capacity for shallow foundations have not been carried out yet. 
 
2.5 Conclusions 
•  This  work  presents  a  new  application  for  MICP  as  a  consolidation 
technique for unsaturated ground by using an easily applicable surface percolation 
method. 
•  Bacteria  can  be  immobilized  in  the  column  over  1  m  length  at  high 
percolation rate by applying multiple alternating layers of bacterial suspension 
and fixation solution followed by incubation. The strength improvement of sand 
column reached a reasonable degree of homogeneity without crust formation at 
the surface. Chapter 2 
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•  At  low  water  content  (pendular  regime),  about  3  times  higher  local 
strength was reached per mass of calcite formed than in samples with higher water 
content (funicular regime), indicating that costs per strength can be reduced 3 
times by using surface percolation compared to submersed application (highest 
water content). Chapter 3 
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3  Cementation of Sand Soil by Microbially 
Induced Calcite Precipitation at Various 
Saturation Degrees 
 
 
This chapter has been submitted to Canadian Geotechnical Journal as Cheng, L., 
Cord-Ruwisch, R. Mohamed A.S. 2012. Cementation of Sand Soil by Microbially 
Induced Calcite Precipitation at Various Saturation Degrees. 
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Abstract: 
A  newly  emerging  microbiological  soil  stabilization  method,  known  as 
microbially  induced  calcite  precipitation  (MICP),  is  tested  for  geotechnical 
engineering  applications.  MICP  is  a  promising  technique  that  utilizes  the 
metabolic pathways of bacteria to form calcite precipitation throughout the soil 
matrix, leading to an increase in soil strength and stiffness. This paper investigates 
the  geotechnical  properties  of  a  sand  bio-cemented  under  different  degrees  of 
saturation.  A  series  of  laboratory  experiments  was  conducted,  including  sieve 
analysis, permeability, unconfined compressive strength, consolidated undrained 
triaxial, and durability tests. The results indicate that higher soil strength can be 
obtained at similar CaCO3 content when the treatment is performed under low 
degree  of  saturation.  Fine  sand  samples  exhibited  higher  cohesion  but  lower 
friction angle than coarse sand samples with similar CaCO3 content. The results 
also  confirm  the  potential  of  MICP  as  a  viable  alternative  technique  for  soil 
improvement in many geotechnical engineering applications, including liquefiable 
sand deposits, slope stabilization and subgrade reinforcement. The freeze thaw 
and acid rain resistance of MICP treated sand has also been tested. 
CE  DATABASE  KEYWORDS:  Soil  stabilization;  Cementation; 
Microorganisms; Calcium carbonate; Durability. 
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3.1 Introduction 
Current soil improvement applications include soil replacement, preloading for 
achieving  consolidation,  chemical  admixture  and  grouting  stabilization.  These 
techniques  are  time  consuming,  expensive  and  in  the  case  of  grouting  and 
admixture stabilization are environmentally detrimental (DeJong et al. 2010). In 
1974  in  Japan  a  case  study  documented  by  Karol  (2003)  illustrated  the 
environmental impact when acrylamide grout leached into waterways causing five 
substantiated cases of water poisoning. As a result a ban was placed on nearly all 
chemical  grouts,  further  reverberating  to  other  countries  to  apply  similar 
prohibition (Karol 2003). Therefore, continuing studies into finding alternative 
soil improvement methods are vital to achieve optimum performance, economic 
viability and environmental sustainability. 
Calcite  in-situ  precipitation  system  (CIPS)  and  microbially  induced  calcite 
precipitation  (MICP)  have  been  the  subjects  of  research  for  several  industrial 
applications. Improvement of soil mechanical properties by MICP is currently of 
particular interest to engineers and microbiologists, and has been demonstrated by 
several researchers at varying scales (DeJong et al. 2006; Whiffin et al. 2007; van 
Paassen et al. 2010). The technique can alter the soil characteristics to increase the 
shear strength and stiffness, while maintaining adequate permeability (Burbank et 
al. 2011). The technique involves introducing aerobically cultivated bacteria with 
highly active urease enzyme into soil, harnessing the urease enzyme to catalyze 
the hydrolysis of urea to produce ammonium and carbonate ions. The chemical 
reaction involved in this process is shown as follows (Eq. 3.1):  
[3.1]  CO(NH2)2 +2H2O → 2NH4
+ + CO3
2-       
In the presence of an introduced calcium source, often calcium chloride (CaCl2), 
the calcium carbonate (CaCO3, calcite) forms throughout the soil matrix based on 
the following chemical reaction (Eq. 3. 2):  
[3.2]   Ca
2+ + CO3
2-→ CaCO3 (s)                      
The  produced  microbially  induced  CaCO3  precipitates  bridge  adjacent  soil Chapter 3 
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particles by cementing the soil grains together to form cemented sand illustrative 
of calcareous rock (DeJong et al. 2006).  
Controlling the MICP process and predicting the resulting material properties are 
essential in improving the engineering properties of porous solid materials (e.g. 
soil). Many researchers have investigated the empirical correlations between the 
amount of precipitated CaCO3 crystals and soil engineering parameters such as 
the soil porosity, strength, stiffness and permeability (Ismail et al. 2002a, 2002b; 
Whiffin et al. 2007). The initial properties of soils and the precipitated CaCO3 
crystals  can  vary  in  mineral  type,  density,  shape,  size  distribution  and  texture 
(Mitchell and Ferris 2006; Ismail et al. 2002a; Warren et al. 2001), which might 
give  an  explanation  for  the  observed  differences  in  the  resulting  engineering 
properties of MICP treated soils. 
In  a  previous  study  carried  out  by  Cheng  and  Cord-Ruwisch  (2012),  more 
effective crystals precipitating at the sand particles contact points were achieved 
under a low degree of saturation. This suggested that by controlling the in-situ 
saturation conditions during the MICP process, the distribution of crystals can be 
predominantly controlled and restricted to the inter-particle contact points. In the 
current  paper,  the  feasibility  of  MICP  as  a  promising  ground  improvement 
technique is evaluated via a series of laboratory tests using sand columns under 
various saturation conditions. The laboratory results demonstrate the potential of 
this  technique  for  geotechnical  engineering  applications  such  as  preventing 
liquefaction and improving the stability of embankments. 
 
3.2 Materials and Testing Methods 
3.2.1  Sand Soil Tested  
Two  different  types  of  pure  silica  sand  (Cook  Industrial,  Minerals  Pty.  Ltd. 
Western  Australia)  were  selected  for  the  current  study.  Sieve  analysis  was 
performed for both fine and coarse grained sands to determine the particle size 
distribution, which is one of the primary components that govern the mechanical Chapter 3 
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behavior of soils. The particle size distribution curves of the fine and coarse sands 
used are shown in Figure 3.1. Both sands are classified as poorly graded sand 
according to the Unified Soil Classification System (USCS). Poorly graded sands 
were  selected  as  they  exhibit  undesirable  engineering  behavior  for  most 
geotechnical engineering applications. Both sands have a specific gravity of 2.62. 
 
Figure 3.1. Grain size distribution curves for the sand used. 
 
3.2.2  Bacterial  Suspension  and  Cementation  Solution 
for MICP System  
The urease active strain of Bacillus sphaericus (MCP-11) (DSM 23526, available 
now from DSMZ, Germany), which was isolated from the previous study (AI-
Thawadi  and  Cord-Ruwisch  2012),  was  used  in  the  current  experiments.  The 
isolated strain (MCP11) was cultivated under sterile aerobic batch condition in 
yeast extract based medium (20 g/L yeast extract, 0.17 M ammonium sulphate, 
0.1 mM NiCl2ﾟ6H2O, pH 9.25). After 24 hours incubation at 28
oC, the culture 
was harvested and stored at 4
oC prior to use. The optical density (OD600) of the 
harvested bacterial suspension varied between 1.5 to 2.0, and the urease activity 
was approximately 10 U/ml (1 U = 1 µmol urea hydrolyzed per min). The CaCO3 
precipitation  rate,  depending  on  the  amount  of  urease  activity  introduced,  can 
affect the size of the crystals and in turn the bonding force of the CaCO3 crystal 
bridges and corresponding strength of the treated soil (Ismail et al. 2002a). In this 
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study, the average CaCO3 precipitation rate was about 10 g/L (solution)/h. The 
cementation solution consisted of 1 M urea and 1 M CaCl2. 
 
3.2.3  Sample Preparation 
The sample preparation started with packing the dry sand (fine and coarse) into a 
PVC  column  of  160  mm  in  height  and  55  mm  inner  diameter.  The  final  dry 
density and porosity of the sand samples were about 1.62-1.63 g/cm
3 and 39%, 
respectively. Various amounts of water were then flushed from top to bottom to 
provide the desired degree of saturation within the sand matrix. The degree of 
saturation is the volume of water in the voids, expressed as percentage of the total 
volume of voids, according the following equation (Eq. 3. 3): 
[3.3]  SaturationDegree,S(%) =
      
      
×100      
where; Vwater is the volume of water in the soil matrix and Vvoids is the volume of 
voids. Unless otherwise stated, the sample preparation consisted of the following 
three steps: 
5)  Alternating  injection  of  equal  volumes  of  bacterial  suspension  and 
cementation solution with an inflow rate of about 1 L/hour. The total volume 
of the introduced solutions was the same as the aforementioned water volume 
so as to keep a constant degree of saturation. A vacuum pump was connected 
to the bottom of the PVC column to remove the excess solution.  
6)  Curing  for  12  hours  at  25±1
oC  to  allow  the  bacterial  fixation  process  to 
complete.  
7)  Percolation  of  cementation  solution  with  the  same  flow  rate  followed  by 
another curing period of 12 hours at 25±1
oC. This step was carried out twice. 
It  should  be  noted  that,  to  obtain  different  mechanical  properties  of  the  soil 
samples, the above-mentioned three steps might be conducted more than once.  Chapter 3 
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The key issue of the above process is to keep a constant degree of saturation 
throughout the tests by managing the volume of extracted solution to be equal to 
that of the injected solution. Meanwhile, to avoid solution accumulation at the 
bottom of the sand column by gravity, the PVC columns were horizontally placed 
during the curing period. The saturation degrees over the entire 15 cm long sand 
columns were determined. The local saturation of the columns between 2.5 to 
12.5  cm  depths  was  relatively  homogenously  distributed  with  a  deviation  not 
greater  than  ±6%  saturation.  Therefore,  the  specimens  prepared  for  the 
mechanical property analyses were taken from about 2 to 13 cm depth of the sand 
column.  
 
3.2.4  Microscopy Investigation 
In order to characterize the shapes and locations of the precipitated CaCO3 and to 
investigate  the  bonding  behaviour  between  the  grain  hosts  and  cement  agent, 
microscopy analysis was conducted on the cemented soil samples, which were 
taken  from  the  centre  of  the  cemented  sand  columns.  Before  conducting  the 
microscopy investigation, all samples were flushed with tap water and dried at 60 
°C for 24 hours. The microscopy investigation was carried out using scanning 
electron  microscopy  (SEM)  PHILIPS  XL20  Scanning  Electron  Microscope, 
Eindhoven, the Netherlands.  
 
3.2.5  Unconfined Compressive Strength (UCS) Tests 
To  quantify  the  strength  imparted  into  the  MICP  treated  silica  sand  under 
different saturation conditions, the unconfined compressive strength (UCS) tests 
were conducted on cemented specimens of 55 mm in diameter with a selected 
diameter to height ratio of 1:1.5 to 1:2. The axial load was applied at a constant 
rate of 1.0 mm/min. Before carrying out the tests, the sand samples were treated 
with different amounts of MICP under 20%, 40%, 80% and 100% degrees of 
saturation. The same method was also applied to Portland cement samples.  Chapter 3 
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3.2.6  Triaxial Compression Tests 
The triaxial compression test was employed to provide verification for the MICP 
as a soil stabilization technique. This test is considered to be the most reliable test 
to measure the shear strength parameters of soils. In this study, a series of single-
stage consolidated undrained triaxial tests with pore water pressure measurement 
were  carried  out  to  establish  the  effective  shear  strength  parameters  (i.e., 
cohesion, c’, and friction angle, ϕ’) of the bio-cemented sand. Specimens were set 
under one confining pressure and sheared till failure. The effective cohesion and 
friction  angle  were  determined  using  the  Mohr-Coulomb  failure  envelopes 
established from three individual samples. All tests were conducted in accordance 
with the procedures set out by Head (1998). Before carrying out the triaxial tests, 
the  bio-cemented  specimens  were  treated  at  different  degrees  of  saturation  of 
30%, 65% and 100%. Each triaxial test started with saturating the sand specimens 
with  tap  water  so  as  to  achieve  a  Skempton’s  B  value  of  at  least  95%.  The 
specimens were then subjected to confining pressures of 50, 100 and 200 kPa, 
respectively, and an axial stress was then applied to failure at a strain rate of 1 
mm/min. All triaxial tests were performed on specimens of 55 mm in diameter 
with a selected diameter to height ratio of approximately 1:2. A baseline sample 
of untreated sand was also tested to allow comparison of the soil improvement 
properties.  
 
3.2.7  Permeability Tests 
Permeability is a primary factor that controls the behavior of porous materials 
under saturated conditions and thus dictates the suitability of a specific material 
for  certain  applications  (Shahin  et  al.  2011).  Porous  materials  with  high 
permeability can prevent the development of excess pore water pressure during 
loading.  To  identify  the  permeability  of  cemented  sand  treated  with  different 
amounts  of  CaCO3  precipitates,  more  samples  were  prepared  at  degrees  of 
saturation of 30%, 65% and 100%, and permeability tests were conducted. The 
permeability test was also conducted on the untreated samples for the purpose of 
comparison  with  the  treated  samples.  The  untreated  fine  sand  has  a  hydraulic Chapter 3 
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conductivity of 9.2 × 10
-5
 m/s, whereas it is 44.7 × 10
-5 m/s for the untreated 
coarse sand. 
Laboratory determination of the permeability of the untreated and bio-cemented 
sand was conducted using constant head permeability test with a rigid side wall 
device in accordance with the Australian Standards AS 1289 (2007) (Appendix 
D).  All  specimens  were  saturated  prior  to  the  permeability  test  by  flushing 
through 2 L tap water under 15 kPa back pressure (hydraulic head of about 150 
cm) to remove most of the remained pore air.  
In  order  to  compare  the  permeability  of  the  MICP  improved  soil  with 
conventional soil improvement using chemical additives, a series of mixtures of 
fine sand with various proportions of Portland cement were prepared and tested 
for their strength and permeability. The details of the Portland cement samples are 
listed in Table 1. The mixtures were poured into PVC columns with the same 
dimension of that used for bio-cementation, and a strong vibration was applied to 
avoid any air bubbles that might remain in the mixture. The prepared mixtures 
were then cured at the room temperature (20±1 
oC) for 7 days prior to the UCS 
and permeability measurements. 
Table 1. Mix proportions of Portland cement samples. 
Mix ID  Cement (g)  Sand (g)  Water (mL)  Density (g/cm
3) 
1  40 
580  124  1.93±0.01 
2  56 
3  72 
4  84 
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3.2.8  Durability Tests 
3.2.8.1  Freeze-Thaw Durability 
To test the resistance of MICP cemented samples to freeze-thaw (FT) cycling, a 
series of fine sand samples (110 mm in height and 55 mm in diameter) treated by 
MICP and Portland cement, as described previously, was subjected to 10 cycles of 
FT actions. Each cycle test involves subjecting the samples to a 12-hour freeze at 
‒14 
oC  followed  by  a  12-hour  thaw  under  ambient  conditions  (20±1 
oC).  All 
samples were immersed in water throughout the cycling FT testing. 
 
3.2.8.2  Acid Rain Durability 
Artificial acid rain was made according to Haneef et al. (1992) and the final pH of 
acid rain was adjusted to 3.5 by adding additional H2SO4. Three identical fine 
sand columns (180 mm in height and 55 mm in diameter) treated with MICP 
under saturated condition were flushed by 0, 6, and 12 L of artificial acid rain 
respectively. The artificial acid rain was injected from the top of the cemented 
fine sand columns with a flow rate of approximately 3 mL/min. During the acid 
rain flushing, the weight of the sand column was measured periodically (after 
flushing 2, 4, 6, 8, 10 and 12 L of acid rain), after it was washed by DI water and 
dried at 105 
oC for 12 hours. All samples were cut in half prior to the shear 
strength test and the strength of the top and bottom parts of the sand samples 
(eroded and un-eroded) was recorded.  
 
3.3 Presentation of Results 
3.3.1  Effect  of  Degree  of  Saturation  on  UCS  (qucs) 
Results of MICP Cemented Coarse Sand  
Figures 3.2 and 3.3 show the results of the UCS tests carried out on the coarse 
sand treated with different amounts of MICP under various saturation degrees of 
20%,  40%,  80%  and  100%.  It  can  be  seen  that  both  unconfined  compressive Chapter 3 
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strength (qucs) and stiffness (or elastic modulus, E) increase with the increase of 
CaCO3  content  for  all  treated  samples.  Both  qucs  and  E  follow  exponential 
relationships with the content of CaCO3, which are in line with previous results 
reported by van Paassen et al. (2010). It can also be seen that for the same amount 
of CaCO3 precipitation, both qucs and E increase with the reduction in the degree 
of saturation. Saturation degree higher than 80% was found to have little impact 
on qucs and E of MICP treated coarse sand columns.  
It is worthwhile mentioning that the failure mechanism of the cemented sand was 
different from the strong to the weak samples. In the weak samples, the broken 
cores  completely  lost  strength  at  the  grain  scale  around  the  failure  plane,  or 
through  the  entire  sample  when  the  failure  planes  were  not  clear.  This  was 
consistent with previous observation by van Paassen et al. (2009b). In the strong 
samples, however, tensile cracks appeared vertically from top to bottom along the 
sample and the failure planes can be distinguished clearly, which was also similar 
to the previous observation by van Paassen et al. (2009b).  
 
Figure 3.2.Variation of UCS with CaCO3 content and different saturation conditions for coarse 
sand. 
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Figure 3.3.Variation of stiffness with CaCO3 content and different saturation conditions for coarse 
sand.  
It is of interest to examine the location of MICP treated coarse silica sand in the 
spectrum of other geomaterials in terms of the relationship between E and qucs, as 
shown in Figure 3.4. The change in the rigidity of the MICP treated silica sand is 
also shown in Figure 3.5 (rigidity = E/qucs = 1/εf, where εf is the axial strain at 
failure). It can be seen that the rigidity increases (in an exponential law fashion) 
with increase of CaCO3 content, but was independent of the degree of saturation. 
It can also be seen that at similar amount of CaCO3, the rigidity of the samples 
cemented at lower degree of saturation was higher than that of the samples treated 
with higher degree of saturation.  Similar to the effect of saturation on qucs, a 
degree of saturation higher than 80% had marginal impact on the rigidity of MICP 
cemented sand for certain amount of CaCO3 content.   
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Figure 3.4. Relationship between E and qUCS of the MICP treated silica sand compared with other 
geomaterials. 
 
Figure 3.5. Relationship between rigidity and CaCO3 content for silica sand treated with MICP 
under different water saturation degree condition. 
 
3.3.2  Microscopy  Images  of  MICP  Cemented  Coarse 
Sand at 20% and 100% Saturation 
In this part, an attempt is made to investigate the reason for increasing strength 
and stiffness of the MICP treated sand at lower degree of saturation. It is believed 
that the micro-features of precipitated crystals around the sand grains and the 
creation of hinges can be responsible for the different mechanical responses of 
MICP  treated  porous  materials  obtained  at  different  saturation  conditions 
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the  treated  sands  was  investigated  through  the  microscopy  images  shown  in 
Figures 3.6 and 3.7 for soil treated at degrees of saturation of 100% and 20%, 
respectively.    
It  can  be  seen  from  the  images  shown  in  Figure  6  that  the  CaCO3  crystals 
produced at 100% saturation take rhombohedron form in which the agglomerated 
rhombohedral crystals precipitate not only in the inter-particle contact points but 
also on the grain surface, or suspend in the pore spaces, leading to insufficient 
connections  between  the  sand  grains.  For  the  sand  treated  at  20%  saturation 
(Figure  7),  a  strong  coating  effect  of  the  MICP  process  is  predominant.  This 
coating effect is likely attributed to the homogeneously adsorbed solution on the 
sand  grains  surface  due  to  the  surface  tension  force,  which  allows  the  MICP 
solution to access the full surface of the grains. One important feature that can be 
derived  from  Figure  3.7  is  that  the  gaps  between  the  host  grains  are  almost 
completely filled with crystals, which is likely due to the fact that the retained 
MICP  solution  located  between  the  grains  takes  a  menisci  form,  where  the 
crystals are produced and precipitated out of the aqueous solution to fill the gaps. 
This feature may affect the adhesion mechanism amongst the host grains and, 
consequently, the mechanical behavior of the entire soil matrix.  
It should be noted that both samples treated at 100% saturation (Figure 3.6) and 
20% saturation (Figure 3.7) demonstrate similar qucs of 1 MPa and 1.14 MPa，
respectively,  but  they  differ  in  the  CaCO3  content.  It  is  apparent  that  the 
development of the CaCO3 at the contact boundary is vastly different in both 
cases, and in comparison it can be identified that an excess precipitation of the 
CaCO3  at  the  sand  grain  boundary  exists  for  the  case  of  100%  saturation 
condition.  As  a  result,  the  sample  treated  at  20%  saturation  contained  fewer 
CaCO3 crystals less than half of that precipitated at 100% saturation (i.e. 0.143 g/g 
sand). This indicates that the mechanical strength of the MICP treated samples is 
due to the effectiveness of CaCO3 formation that precipitated in the inter-particles 
contact points, rather than the total amount of the CaCO3 crystals formed.  Chapter 3 
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Figure 3.6. Formation of CaCO3 crystals for samples treated at 100% saturation (note: CaCO3 
content = 0.143 g/g sand, UCS = 1 MPa). 
    
Figure  3.7.  Formation  of  CaCO3  crystals  for  samples  treated  at  20%  saturation  (note:  CaCO3 
content = 0.057 g/g sand, UCS =1.14 MPa) 
The schematic diagram shown in Figure 3.8 can provide further explanation of the 
previous observation. For partially saturated condition, the air occupies the center 
of the pores and the total surface of the grains is covered with adsorbed solution, 
which  is  predominantly  concentrated  at  the  inter-particles  connection  points 
(corner)  forming  menisci  shape  (Tuller  et  al.  1999).  Therefore,  the  crystal 
precipitation has mainly occurred at the contact points of the grains (Figure 3.8), 
which contributes to the strength improvement. In the case of full saturation, as 
the  MICP  solution  occupies  the  entire  pore  space,  the  crystals  are  free  to 
precipitate  without  being  restricted  to  the  size  and  location,  resulting  in  the 
agglomerated crystals to be formed on both the host grain surface and grain gaps. 
From the above discussion, it can be stated that the crystals formation varies in 
size  and  location  according  to  the  distribution  of  pore  solution,  which  is 
influenced by the saturation conditions.    Chapter 3 
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100% saturation                        20% saturation 
Figure 3.8. Conceptual illustration of pore cementation solution distributed in the sand matrix at 
different saturation conditions. 
 
3.3.3  Mathematical  Model  of  Total  Volume  of  Effective 
Hinges  
In Sections 3.3.2 and 3.3.3, it was experimentally shown (through microscopy 
images and results of UCS tests) that the degree of saturation at which a sand soil 
is treated by MICP has a significant impact on the resulting strength and stiffness. 
Also  the  particle  size  of  the  constituent  soil  affects  the  cementation  process, 
because it has a significant impact on the retained pore water in terms of the 
content, shapes and distribution under various saturation conditions, consecutively 
on the cementation process. In this section, a mathematical model is developed in 
order  to  measure  the  impact  of  the  saturation  degree  and  particle  size  on  the 
effective “hinge” formation within a soil matrix treated with MICP.  
In order to develop the mathematical model, a soil matrix with uniform spherical 
particles is assumed. All spherical particles are packed in a tetrahedral packing 
form having the closest packing order with a void ratio of 0.34. The total volume 
of the sand matrix (V) and void volume (Vvoid) can be approximately calculated as 
follows: 
[3.4]  V = N×(4 3)×π×R  1 − 0.34 ) 34 . 0 1 /( ) 3 / 4 (
3 − × × × = R N V π  
[3.5]  V     = 0.34×V V Vvoid × = 34 . 0   Chapter 3 
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where; N is the number of particle spheres and R is the radius of the sphere (see 
Figure 3.9).  
In the assumed tetrahedral packing, each particle has 12 contact points with the 
surrounding particles and there are 6 full water lenses in each unit volume of 
5.66R
3 (Lu and Likos 2004). The total number of water lenses (Nlens) in the sand 
matrix therefore can be calculated as follows: 
[3.6]  N     = 6×V (5.66R ) ) 66 . 5 /( 6
3 R V Nlens × × =  
The  crystals  are  assumed  to  be  homogeneously  precipitated  on  the  surface  of 
spheres, where the water lenses are attached, and the crystal “hinges” formed in 
point-to-point contacts contribute to the bonding force. In general, it is reasonable 
to  make  the  hypothesis  that  the  bigger  volume  of  “hinges”  causes  stronger 
bonding force. From Figure 9b, the total volume of effective hinges (VT-hinges) in 
the soil matrix can be calculated as follows: 
[3.7]  V         = N    ×V      = N    ×(2πr h  − 2π 3×h   3r − h  )
)) ' 3 ( ' 3 / 2 ' 2 (
2 2 h r h h r N V N V lens hinge lens hinges T − × − × × = × = − π π  
where; Vhinge presents the volume of each hinge, and h’ & r are as illustrated in 
Figure 9b, which can be obtained based on the following geometric calculations: 
[3.8]  h  = R − R  − r  2 2 ' r R R h − − =                             
[3.9]  r = (R + h)  − R  2 2 ) ( R h R r − + =                       
In  Eqns.  8  and  9,  h  is  the  thickness  of  crystals  on  each  sphere  and  can  be 
estimated as follows: 
[3.10]  h = V         (2×S       ) ) 2 /( surface crystals S V h × =        
   
where; Vcrystals is the volume of CaCO3 crystals precipitated on each sphere and 
Ssurface is the contact surface between the water lens and the sphere (see Figure 9a Chapter 3 
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and  b).  Both Vcrystals  and  Ssurface  can  be  calculated  according  to  the  following 
expressions: 
[3.11]   Vcrystals = Ccrystals ×V / ρcrystal / Nlens       
[3.12]    )) cos( ) ( ( ) ( 2
2 θ π × + − × + × = h R R h R Ssurface                 
where;  Ccrystals is  the  CaCO3  crystals  content  (g/cm
3)  and  ρcrystals  is  density  of 
CaCO3 crystals (i.e. 2.71 g/cm
3).  
The degree of saturation of the soil matrix can also be obtained as follows: 
[3.13]    void lens lens void water saturation V V N V V S / / % × = =     
where;  Vlens  is  the  volume  of  each  water  lens,  which  can  be  calculated  in 
accordance with Dallavalle (1943), as follows: 
[3.14]    )] tan( ) 2 / ( 1 [ ) 1 ) cos( / 1 ( 2
2 3 θ θ π θ π × − − × − × × = R Vlens     
   
 
(a)           (b) 
Figure 3.9. Schematic diagram of two-dimensional meniscus between spherical particles: (a) water 
lens  between  two  particles;  and  (b)  simple  two-dimensional  geometrical  illustration  of  hinge 
formation between two particles. 
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The developed mathematical model (i.e. Eqns. 3.7 and 3.14) was used to illustrate 
the dependency of the total volume of “hinges” formed in the same volume of 
sand matrixes on the degree of saturation and particle size (see Figure 3.10). The 
number of spherical particles, N, is inversely proportional to the particle size (R), 
providing  the  same  total  matrix  volume.  This  means  that  if  the  coarse  sand 
particle has a radius R while the fine sand particle has a radius R/2, the number of 
particles of the fine sand will be eight times that of the coarse sand. Consequently, 
the total number of water lenses (Nlens) in the fine sand matrix will be eight times 
that of the coarse sand.  
The model predictions shown in Figure 3.10a indicate that a greater volume of 
effective hinges is formed in the fine sand compared to the coarse sand having 
similar amount of CaCO3 precipitation, indicating that the strength is improved 
with the decrease in particle size. This model also derives that a lower degree of 
saturation leads to a greater number of effective hinges at the same CaCO3 content 
and  consequently  an  improved  mechanical  behaviour  (i.e.  UCS).  Furthermore, 
Figure  10b  indicates  that  the  ratio  between  the  total  volume  of  hinges  to 
precipitated  crystals  increases  with  the  increased  amount  of  precipitates.  The 
model  predictions  are  supported  by  the  previous  experimental  UCS  tests  and 
microscopy images of the coarse sand. 
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Figure 3.10. Results of mathematical model  a, the correlation of the CaCO3 content and volume of 
hinges within the soil matrix, and b, ratio between the total volume of hinges    to precipitated 
crystals for coarse and fine sands (RCS and RFS represent the radii of the coarse and fine particles, 
N represents the number of particle spheres.). 
 
To further investigate the real effect of particle size and degree of saturation on 
the shear strength parameters of treated sand (i.e., cohesion, c’, and friction angle, 
φ’), which are more relevant to most geotechnical engineering applications, the 
results of the undrained triaxial tests are presented below.  
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3.3.4  Mechanical Behavior of Stabilized Sand in Triaxial 
Tests 
The effective shear strength parameters (i.e. cohesion, c’, and friction angle, φ’) of 
the silica sand treated with different amounts of CaCO3 were determined from the 
Mohr-Coulomb  envelopes.  These  were  developed  from  the  peak  shear  stress 
values obtained from the triaxial tests. Results are shown in Figures 3.11 and 3.12, 
for coarse and fine sands, respectively.  
Coarse Sand  
Figure 3.11 shows that both the cohesion, c’, and friction angle, φ’, increase with 
the increase of the CaCO3 content at all degrees of saturation.  At a fixed amount 
of CaCO3 a lower saturation degree increased the c’ and φ’ values compared to 
those at higher saturation degrees. Under lower saturation degree condition, the 
precipitated crystals contributed more to improving cohesion than to improving 
friction  angle  (Figure  3.11a  and  b).  At  higher  saturation  degrees  of  65%  and 
100%, the impact on improving the friction angle was even less (Figure 3.11a). 
As mentioned earlier, the effect of degree of saturation on improving the shear 
strength behaviour of soil and thus the shear strength parameters is attributed to 
restricting the crystal formation mainly to the connection points. The well-placed 
crystals  are  efficient  in  increasing  the  inter-particle  connection,  thereby, 
enhancing the soil cohesion and friction angle. The increase in both cohesion and 
friction  angle  at  higher  CaCO3  content  that  has  occurred  regardless  of  the 
saturation degree is likely due to the fact that precipitated crystals start filling the 
pore spaces (Figure 3.11a and b). One important feature that can be derived from 
Figure 3.11a is that at low CaCO3 content the friction angle had only marginally 
increased under all saturation conditions, which was probably due to the slight 
increase in the dry density. The optimum condition for c’ and φ’ has occurred at 
the saturation condition of 30%.  Chapter 3 
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Figure 3.11. Effect of saturation conditions on shear strength parameters (a: friction angle, b: 
cohesion) of coarse silica sand columns having different amount of CaCO3. 
 
Fine Sand 
Figure  3.12  show  that  the  overall  correlation  between  the  shear  strength 
parameters and the CaCO3 content at different saturation degrees is similar to that 
of the coarse sand. By comparing the results of the two sands used, it can be 
concluded that under the same saturation condition, the coarse sand demonstrates 
higher friction angle than the fine sand at similar CaCO3 content. The fine sand 
with  similar  CaCO3  content  showed  significantly  higher  values  of  cohesion 
compared to the coarse sand. This can be explained as follows. Smaller particles 
have two effects including: (a) providing more inter-particle contact points for 
microbially induced CaCO3 to precipitate; and (b) reducing the stress acting per 
particle  contact.  MICP  acts  most  efficiently  at  a  particle  contact  just  as 
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cementation begins, and continued expansion of cementation around a particle 
contact has decreased effect. Therefore, reallocating the CaCO3 crystals to two 
contact locations instead of one would be more effective. At the same time, the 
contact stress decreases as a function of the particle radius squared. Therefore, 
smaller particles provide two compounding benefits: (1) more efficient MICP; 
and (2) lower particle contact stresses.  
 
 
Figure 3.12. Effect of saturation conditions on shear strength parameters (a: friction angle, b: 
cohesion) of fine silica sand columns having different amount of CaCO3. 
 
3.3.5  Effect of MICP Treated Sand on Permeability   
Figure 3.13 shows the results of permeability tests conducted in the current study. 
It  can  be  seen  that  a  reduction  in  permeability  was  encountered  for  all  bio-
cemented sand samples. In contrast to the phenomenon reported by Whiffin et al. 
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(2007), the permeability decreased with an increase in CaCO3 content for both 
fine and coarse sands, irrespective of the saturation degree. Results suggest that it 
is preferable to conduct the MICP process under lower saturation conditions, as it 
enabled  improved  mechanical  behaviour  at  the  same  time  as  maintaining 
relatively high residual permeability.  
Figure 3.14 shows the results of comparison between sand samples treated with 
Portland cement and bio-cement. It can be seen that the bio-cement samples have 
higher  strength  in  the  range  of  lower  cement  agents  content  (<  0.1  g/g  sand) 
compared to the Portland cement samples after 7 days of curing. However, this 
comparison would differ depending on the applied curing time of the Portland 
cement samples. The permeability of the biocementation samples is significantly 
higher than that of the Portland cement samples. As an example, a mixture with 
7% (0.07 g/g sand) Portland cement dramatically decreased permeability by 98%. 
Cement  content  higher  than  9.6%  (0.096  g/g  sand)  produced  a  poor  drainage 
material  with  permeability  less  than  1  ×  10
-6  m/s.    The  significant  loss  of 
permeability in the Portland cement samples is due to the occupation of the pore 
space by the water insoluble hydrates formed from the cement hydration reaction 
with the pore water. In contrast, the loss of permeability in bio-cement samples is 
caused by the pore spaces becoming occupied by the calcite crystals, which only 
causes a smaller volume change compared to the hydrates. 
From the results, it can be concluded that apart from the significant increase in 
soil strength and stiffness, one advantage of biocementation is attributed to the 
relative  ability  to  retain  soil  permeability  after  treatment,  compared  to  the 
traditional chemical treatment by Portland cement. 
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Figure 3.13. Permeability of cemented sand columns treated at different saturation conditions for: 
(a) coarse sand; and (b) fine sand.  
 
Figure 3.14. UCS and permeability of sand samples cemented with bio-cement CaCO3 (100% 
saturation) and Portland cement. 
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3.3.6  Effect  of  MICP  Treated  Sand  on  Freeze-Thaw 
Durability  
Destruction of porous materials caused by freezing and thawing has been of great 
concern to engineers for more than 200 years (Johnson 1952). The phase change 
of water adsorbed in the soil pores is the most significant cause of deterioration of 
exposed  porous  materials.    Porous  solids  with  high  porosity  or  permeability 
usually  have  a  good  service  record  after  free-thaw  (FT)  action  (Litvan  1980). 
Indicated  by  the  previous  permeability  results,  the  sand  samples  treated  with 
MICP have a high residual permeability, which may favor the samples to endure 
the cycled FT action.  
By comparing the UCS of MICP tested samples before and after FT cycling, less 
than 10% decrease in strength occurred irrespective of the treatment conditions 
(Figure 3.15). The severity of the mechanical damage is proportional to the water 
content  of  the  porous  solid  (Litvan  1980);  however,  the  high  porosity  and 
permeability allow more rapid water mass transfer in the sand matrix, which can 
increase the FT resistance. For MICP samples, the crystals formed at the contact 
points can maintain the connection of pores without restricting the pore water 
mobility,  which  is  also  proved  by  the  previous  permeability  tests.    For  the 
Portland cement samples, the FT cycles caused serious damage, as expected, with 
about 40% decrease in strength. 
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Figure 3.15. UCS of cemented fine sand samples before and after 10 cycles of Freeze-Thaw (FT) 
action (one cycle per day).  (Note: CaCO3 content was about 0.06-0.065 g/g sand and Portland 
cement content was 0.096 g/g sand). 
 
3.3.7  Acid Rain Erosion Durability 
Acid rain is detrimental to many construction materials, particularly those made 
from limestone or sand stone with high CaCO3 content. The chemical reaction 
between the calcium carbonate and sulfuric acid (the primary acid component of 
acid  rain)  causes  the  dissolution  of  CaCO3,  resulting  in  destruction  of  such 
materials. In the MICP treated sand, the strength of sand matrix is the result of the 
sand  particles  bonded  by  the  bridging  CaCO3  crystals.  Therefore,  the  CaCO3 
crystals  eroded  by  the  acid  rain  will  result  in  destruction  of  the  connections 
between the sand particles, leading to severe damaging in mechanical properties.  
In order to test erosion and residual strength of the MICP treated sand samples 
after exposure to the acid rain, in time mass detection of the sand matrix and UCS 
tests were carried out and the results are presented in Figure 3.16. It can be seen 
that,  as  expected,  the  artificial  acid  rain  (pH=3.5)  continuously  eroded  the 
biocement samples, resulting in a loss of weight.  The pH of the effluent stayed 
around 7.5, which indicated that the protons (H
+) in the acid rain were consumed 
by reacting with CaCO3, similar to the acid rain erosion of limestone and marble.  
After flushing 12 L of acid rain through the sand column, corresponding to 5 
years of rainfall (1000 mm/year), the UCS results of the eroded samples reflected 
that no obvious damage occurred at the bottom part of the sand column (9-18 cm). 
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However, the strength of the top part of the sand column was decreased by about 
40%, as shown in Figure 16. As the effect of the acid rain is chronic and long-
term  acidification  results  from  years  of  acidic  rainfall,  a  long-term  simulation 
experiment (decades) is worthwhile to carry out in the future  
 
Figure 3.16. UCS and loss of weight of MICP cemented fine sand samples during the acid rain 
erosion experiments (Note: sand columns were treated under fully saturated condition with CaCO3 
content of about 0.1-0.105 g/g sand) 
 
3.4 Discussion 
This  study  verified  that  the  bio-cementation  technology  applied  to  partially 
saturated soils lead to improved mechanical behavior of MICP treated soil matrix 
in  terms  of  cohesion,  friction  angle  and  UCS,  with  fewer  calcite  crystals 
compared to MICP at fully saturated condition. In other words, to produce similar 
soil  strength,  partially  saturated  soils  require  fewer  crystals,  enabling  bio-
cemented soils to be produced more economically due to lower requirement for 
the urease enzyme, urea and CaCl2. To this end, the technique can be applied to 
many geotechnical-engineering applications in both fully and partially saturated 
conditions. In wet fully saturated condition, MICP solution is introduced into the 
soil by saturated flow (van Paassen et al. 2010; Whiffin et al. 2007). In dry or 
partially  saturated  condition,  MICP  solution  can  be  introduced  by  surface 
percolation and the excess of MICP solution moves deeper into the soil pores, 
which allows the retained MICP solution to accumulate at the connection points 
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as a meniscus shape (Cheng and Cord-Ruwisch 2012). The restricted distribution 
of MICP solution enables the crystals formed at the particular position, which 
contributes  the  most  to  strength  development.  However,  an  obvious  main 
challenge  for  MICP  treatment  under  unsaturated  conditions  is  achieving 
homogenous distribution of CaCO3 and strength, which will be investigated in 
subsequent phase of this work. 
A principal engineering problem produced by current available soil improvement 
methods is the tendency of significantly decreasing permeability of treated soils. 
For example, the reduction in permeability due to grouting ranges between 2 and 
3 orders of magnitude (Karol 2003). Consequently, the reduction in permeability 
disturbs  natural  groundwater  flow  paths,  permits  the  increase  of  pore  water 
pressure in the soil, thus increasing the risk of failure in both earth and foundation 
structures. The ability of MICP to retain high permeability conditions is a clear 
advantage compared to the alternative of using Portland cement. A reduction in 
the cost of construction and installation of drainage systems would be apparent, as 
fewer  systems  would  need  to  be  integrated  than  those  typically  utilizing 
traditional cementing agents. Another advantage of MICP and its retention of in-
situ  permeability  during  bio-cementation  application  is  that  it  will  permit 
additional  applications  of  treatment  allowing  engineers  to  control  the  final 
strength.  
Engineering examples of the utilization of MICP and the associated benefits of 
permeability retention would be in the reinforcement of transport subgrades and 
embankments. During subgrade construction it is important to provide adequate 
drainage at all times to prevent water from standing on the subgrade. Therefore, 
soil  stabilization  by  MICP  technique  with  the  capability  of  high  permeability 
retention would eliminate the need for additional drainage systems. Due to the 
minimal  interference  with  soil  material  hydrology,  embankments  strengthened 
with MICP will have the potential to allow immediate dissipation of excess pore 
water pressures caused by operational surcharge loads.  
Geotechnical  engineering  structures  exposed  to  dynamic  loads  associated  with 
earthquakes  under  saturated  conditions  can  be  subject  to  significant  structural Chapter 3 
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damage.  In  this  case,  the  soil  loses  most  of  its  static  strength  and  significant 
deformations occur. When such deformations are large, soils liquefy (Cornforth 
2005). The soil types most susceptible to liquefaction are loose granular sands that 
have  no  cementation  between  the  soil  grains.  Given  the  improvements  in  the 
undrained shear strength of sands tested in this study, MICP can be used as a 
viable  solution  to  improve  the  properties  of  un-cemented  granular  soils  by 
creating cemented zones that will be no longer liquefiable.  
 
3.5 Conclusions 
This paper has investigated the influence of degree of saturation and soil particle 
size  on  the  mechanical  response  of  calcite  bio-cemented  silica  sand.  Samples 
examined under SEM indicated different patterns of calcite precipitation for each 
degree  of  saturation,  with  fully  saturated  condition  forming  agglomerated 
rhombohedral crystals scattered on the sand grain surface. The lower saturated 
conditions formed strong calcite coating on the host grains and bridging between 
sand grains. A mathematical model has been also developed, which measures the 
impact of the degree of saturation and particle size on the effectiveness of CaCO3 
precipitates in MICP treated soils.  
Findings of this study confirmed that higher strengths were obtained at lower 
saturation  degrees,  challenging  most  studies  on  MICP  so  far,  in  which 
biocementation  was  performed  under  fully  saturated  condition.  This  important 
finding indicates that optimum performance of this stabilization process can be 
achieved with lower costs, making it economically viable while reducing the need 
for water and chemicals, hence, becoming more environmentally sustainable than 
formerly believed. 
The results from the durability tests have shown that MICP produced cemented 
samples with highly durable resistance to freeze-thaw erosion, and resistless to the 
acid rain erosion. Both the permeability and shear strength of bio-cemented soils 
displayed results that would support the MICP as a promising soil improvement 
technique. MICP has been approved to be a viable alternative for engineering soil Chapter 3 
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improvement applications such as soil embankments, liquefiable sand deposits 
and subgrade reinforcement. 
The results obtained from the UCS and triaxial tests have shown that, despite 
having the same amount of calcite crystals, the engineering response of treated 
sand varies significantly, mainly because of the different location of the calcite 
deposited. The calcite crystals formed under lower degree of saturation showed 
that  more  crystals  are  formed  in  the  contact  points,  which  contributed  to  the 
strength of the cemented samples. 
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4  Laboratory Large Scale of 
Biocementation by Surface Percolation 
and Mathematical Model of Heterogeneity 
of Cementation at Macroscale 
 
 Chapter 4 
9  79 
Abstract: 
This study has contributed to the technology of biocement, based on microbially 
induced carbonate precipitation, for the purpose of soil reinforcement application. 
A new manner of in-situ soil stabilization technology by surface percolation to 
dry soil under free draining environment was described and tested in laboratory 
large scale. The laboratory large scale of one-dimensional trials indicated that 
repeated treatments of fine sand could lead to clogging closed to the injection end, 
resulting in limited cementation depth less than 1 m. This clogging problem was 
not observed in coarse sand column, which had strength varying between 850 to 
2067 kPa along the entire 2 m depth. The 3-D cementation trial indicated that 
relatively homogenous cementation in horizontal direction could be achieved with 
80% of cemented sand having strength between 2 to 2.5 MPa.  
A  simple  mathematical  model  demonstrated  that  the  cementation  depth  was 
dependent on the infiltration rate of cementation solution and the in-situ urease 
activity. The model also predicted that repeated treatments would enhance sand 
clogging close to the injection point. Both experimental and simulating results 
suggested that the surface percolation technology was more applicable for coarse 
sand. Chapter 4 
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4.1 Introduction 
From recent investigations of biological techniques of biocement/biogrouting for 
ground reinforcement (DeJong et al., 2006; Whiffin et al., 2007; Ivanov and Chu, 
2008), it is understood that the biological activity is used to generate carbonate 
and elevate the pH within the soil, creating a continued slightly supersaturated 
calcium carbonate solution leading to controlled precipitation rates and in turn 
crystals  sufficiently  large  to  enable  bridging  between  soil  particles. 
Microbiologists  and  engineers  have  used  this  principle  to  explore  microbially 
induced carbonate precipitation (MICP) as a soil improvement method (Whiffin et 
al., 2007; van Paassen et al., 2010). Controlled precipitation of calcite crystals in 
the pore spaces of soil with a subsequent change of mechanical properties of the 
soil matrix is a new innovative approach in soil geotechnics with significant scope 
for development (Whiffin et al., 2007).  
Most studies with regard to soil improvement use bacteria containing the urease 
enzyme to catalyze the hydrolysis of urea into ammonium and carbonate.  
[4.1]  CO(NH2)2+2 H2O ￨ 2 NH4
+ + CO3
2- 
In the presence of dissolved calcium ions (e.g. CaCl2), the previously produced 
carbonate ions will precipitate and form calcium carbonate crystals.  
[4.2]  Ca
2+ + CO3
2- ￨ CaCO3 (s) 
When sufficient calcium carbonate crystals are precipitated in the pore spaces, 
desired mechanical properties of soil can be achieved.  
While an improvement in material strength is possible by inducing MICP, the 
treatment  often  leads  to  limited  injection  depth  (in  the  order  of  centimeters) 
associated with a major reduction in permeability, causing full clogging near the 
injection point (Stocks-Fischer et al., 1999). In order to prevent clogging near the 
inlet, sequential pumping of bacteria (or enzyme) and cementation solution (CaCl2 
and urea) has been developed (Kucharski el al., 2006; Al-Thawadi and Cord-
Ruwisch, 2012), and described of reaching cementation depths of more than 2m 
(Whiffin et al., 2007).  Chapter 4 
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Current  exploitations  of  MICP  technology  have  been  mostly  tested  in  water 
logged  soils  via  using  submersed  flow  (saturated  flow)  (DeJong  et  al.,  2006; 
Whiffin  et  al.,  2007;  van  Paassen  et  al.,  2009a,b;  van  Paassen  et  al.,  2010b), 
requiring heavy machinery and hydraulic injection of the cementation solution 
and physical extraction of waste solution. The feasibility of such water-saturated 
treatment method has been demonstrated in 100 m
3 large scale experiment, which 
indicated varied strength of products from loosely cemented sand to moderately 
strong rock with unconfined compressive strengths of 0.7 – 12 MPa (van Paassen 
et al., 2010b).   
A  method  of  applying  MICP  specifically  to  unsaturated  sandy  soil  by  using 
surface percolation has been developed and demonstrated in the scale of 1 m 
depth  (Cheng  and  Cord-Ruwisch,  2012).  In  comparison  to  the  saturated  flow 
MICP application, the unsaturated zone created in the surface percolation MICP 
treatment provided environmental conditions more conducive to the formation of 
effective crystals. 
The  surface  percolation  technique  of  MICP  could  be  applied  in  the  geo-
engineering  practice  of  the  stabilization  of  unsaturated  soil,  such  as  dry  sand. 
However,  under  surface  percolation,  significant  strength  improvement  (in  the 
order of MPa) in larger scale (> 1 m), and also the three-dimensional homogeneity 
of bio-cemented has not been investigated. This paper will present the results of 
using the surface percolation method of MICP in 2 m long columns and large 
scale (80 L) of 3-D application, and evaluate the potential of the method in real 
world application 
The aims of this paper are to evaluate: 
•  The feasibility and limitation of MICP via surface percolation to reach 
depths  of  more  than  1  m  as  it  is  relevant  for  subgrade  reinforcement 
applications, 
•  The 3-D surface application by simple batches of surface irrigation as it 
can be applied by spray trucks for dust control. Chapter 4 
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4.2 Materials and Methods 
4.2.1  Ureolytic bacteria and MICP Reagents  
The urease active bacteria namely MCP-11 (Bacillus sphaericus) was used in this 
study. Cultivation of MCP-11 strain was conducted under sterile aerobic batch 
conditions  in  a  medium  consisting  of  20  g/L  yeast  extract,  0.17  M  ammonia 
sulphate and 0.1 mM nickel chloride, at starting pH of 9.25.  After 24 hours of 
incubation at 28°C, the culture was collected and stored at 4°C prior to use. The 
urease  activity  of  the  culture  was  approximately  10  U/ml  (1  U=1  µmol  urea 
hydrolyzed  per  min).  MICP  reagent  (cementation  solution)  consisted  of  1  M 
calcium chloride and 1 M urea.  
 
4.2.2  Sand Column and Container Setup  
Four PVC columns (55 mm in diameter and 2000 mm in length) were positioned 
vertically  and  packed  with  pure  fine  and  coarse-grained  silica  sands  (Cook 
Industrial, Minerals Pty. Ltd. Western Australia) to a dry density of 1.62 (fine 
sand  with  porosity  of  38.9  %)  and  1.63  g/cm
3  (coarse  sand  with  porosity  of 
37.9%) respectively. The top and bottom of column were covered with a layer of 
scouring pads (porous plastic pad) as filters. As the bottom was fully open, all the 
excess liquid was draining over the full circular cross section. 
A cylinder container (450 mm in diameter and 500 mm in height) was filled with 
two layers of soil. The bottom layer (thickness = 300 mm) consisted of raw sandy 
soil obtained from the campus of Murdoch University, Perth, Western Australia. 
The top layer (thickness = 200 mm) consisted of the pure fine silica sand, which 
was supposed to be treated by MICP via surface percolation method. The density 
of the fine sand layer was 1.60 g/cm
3 with porosity of approximately 40.8 %.  
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4.2.3  MICP Process  
4.2.3.1  Two-Meter Sand Columns 
A summary of the treatment procedure is given in Table 4.1. All solutions were 
percolated from the top of sand columns and excess solutions were drained from 
the bottom. The solutions were continuously injected into the column, forming 
about 5 cm high ponding on the top surface of the sand column until the injection 
was complete.    
For fine sand columns, bacterial fixation processes were conducted by introducing 
6  or  12  layers  of  alternating  bacterial  suspension  and  cementation  solution 
followed with 24 hours of incubation at room temperature (25±1°C). Then the 
sand columns were flushed with cementation solution (about the volume of the 
water  retention  capacity)  followed  by  24  hours  of  reaction  period  at  room 
temperature  (25±1°C).  Repeated  applications  of  cementation  solution  were 
operated to achieve significantly improved strength. For the coarse sand column, 
bacterial fixation process was conducted by introducing 6 layers of alternating 
bacterial suspension and cementation solution. 
Table 4.1. Summary of column injections.  
Sand Columns  Fine sand  Coarse sand 
Rinse (tap water, mL)  2000 
Bacterial placement 
(BP) (mL) 
12 Layers  6 Layers  6 Layers 
BS (55)￨CS (55) 
(Repeat 6 times) 
BS (110)￨CS (110) 
(Repeat 3 times) 
BS (70)￨CS (70) 
(Repeat 3 times) 
Incubation (hours)  24 
Cementation (C) (mL)  CS (660)  CS (420) 
Reaction (hours)  24 
Water retention 
capacity (mL)  620  380 
Overall process  BP-CS-CS-CS￨(BP-CS-CS)×2  BP-CS-CS-CS￨(BP-CS-CS)×6 
Total injected solution 
(mL)  BS: 990 and CS: 5610  BS: 1470 and CS: 7350 
BP: Bacterial Placement; C: Cementation; BS: Bacterial suspension; CS: Cementation solution.  
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4.2.3.2  Cylinder Container 
In an attempt to strengthen the fine silica sand layer, a shallow pond with size of 
35 cm in diameter and 2.5 cm in depth was designed on top of the silica sand 
layer.  This  shallow  surface  provided  a  means  to  contain  the  MICP  solutions 
(bacterial  suspension/cementation  solution)  after  pouring  into  the  sand.  Under 
free-draining environment, the infiltration rate of the solution was dependent on 
gravity and capillary force.   
3 L of bacterial suspension was introduced into the shallow pond via watering 
can.  When  the  infiltration  of  the  bacterial  suspension  was  completed,  6  L  of 
cementation solution was introduced followed by 24 hours of incubation at room 
temperature. Then cementation solution (6 L) was supplied every 24 hours. 
In  order  to  maintain  sufficient  in-situ  urease  activity,  additional  bacterial 
suspension  (3  L)  was  supplied  at  day  3,  5,  8,  11,  and  14  respectively.  Total 
injected  bacterial  suspension  and  cementation  solution  were  18  and  96  L 
respectively. Throughout the experiment, the cylinder container was covered with 
plastic cover to reduce the evaporation. 
 
4.2.4  Monitoring methods 
4.2.4.1  Ammonia concentration 
Ammonia concentration was determined by the Nessler method (Greenburg et al., 
1992).  
 
4.2.4.2  Calcium Carbonate Content  
Calcium carbonate content was measured by determining the produced CO2 gas 
volume (Chapter 2.2.4.4; Whiffin et al., 2007). 
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4.2.4.3  Unconfined Compressive Strength (UCS) 
After dismantling of the columns, the consolidated sand columns were cut into 
several  sections  to  give  a  selected  diameter  to  height  ratio  of  1:1.5~1:2.  The 
unconfined  compressive  strength  tests    (UCS)  were  conducted  on  cemented 
samples with a constant load rate of 1.0 mm/min (conforming with Australian 
standard 1012.9-1999). The strength for the bulk cylinder sample was evaluated 
with other mean explained thereafter.  
4.2.4.4  Local Strength of Cylinder Sample  
After dismantling of the cylinder container, the consolidated sand sample was cut 
along the vertical middle plane. The local strength of the mid cross-section of the 
cemented  sample  was  measured  by  using  Schmidt  hammer,  also  known  as  a 
rebound hammer, shown in Figure 4.1. The Schmidt rebound hammer was used 
to provide an indication of surface hardness (local strength) of the mid cross-
section of cemented sand body. The Schmidt hammer is non-destructive test and 
widely  used  for  evaluating  concrete  strength,  and  also  used  for  identifying 
variations in masonry material uniformity (Aydin and Basu, 2005). In this study, 
the Schmidt hammer (ZC5, Shanghai Lucheng Instrument Co., Ltd. China) with 
impact energy of 0.196 J was used to evaluate the strength distribution of the 
vertical cross-section plane.  
The vertical cross-section surface was divided into multiple unit grids with size of 
25 mm in length and 20 mm in width. On each grid surface the measurements 
were conducted at lest 4 times at different spots to gain an average value. With 
careful  laboratory  calibration,  it  is  possible  to  relate  rebound  hardness  to  the 
elastic properties of the masonry or compressive strength (Noland et al., 1982). In 
this study, a linear correlation of the rebound hardness value (x in the range of 10 
to 30) and the UCS of bio-cemented samples were determined (Appendix F) and 
expressed as the following equation (Eq. 4.3):  
[4.3]   𝑞    𝑀𝑃𝑎 =  ﾠ0.0806×𝑥(𝑟𝑒𝑏𝑜𝑢𝑛𝑑 ﾠ𝑟𝑒𝑎𝑑𝑖𝑛𝑔) + 0.2745    (R
2=0.9034) ﾠChapter 4 
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Figure 4.1. The Schmidt rebound hammer was used to provide an indication of surface hardness 
(local strength) of the mid cross-section of cemented sand body. 
 
4.3 Results  
4.3.1  Cementation of 2 m Columns  
The  bacterial  placement  with  multiple  layers  has  been  demonstrated  in  short 
columns up to 1 m (Chapter 2). However, for large scale application depths of 
more  than  1  m  may  need  to  be  achieved.  Two-meter  columns  trials  were 
conducted to test whether homogenous cementation could be achieved to depths 
of more than 1 m. In this study, fine and coarse grained silica sand (Chapter 3) 
were tested.  
4.3.1.1  Cementation of 2 m Fine Sand Columns 
As  the  previous  experiment  (Figure  2.8)  demonstrated  that  after  primary 
treatments a homogenous strength (CaCO3 content: 0.011-0.06 g/g sand) could be 
achieved in the 1 m fine sand column with 6 layers, in this trial the 2 m column 
with 12 layers were tested. In order to obtain significant strength (>500 kPa), 
repeated  treatments  were  applied.  After  4  treatments  (flushes),  CaCO3 
precipitation was obtained over the entire 2 m column, while the cemented sand 
with measurable strength (UCS approximately 100 kPa) was only achieved at the 
top  1000  mm  (Figure  4.2).  After  10  treatments  (10  flushes),  significant 
cementation (> 500 kPa) was restricted only to the top 500 mm (Figure 4.2). This Chapter 4 
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suggested  that  with  the  number  of  repeated  treatments  used,  the  risk  of  local 
clogging in the top of sand columns increases. 
 
Figure 4.2. CaCO3 content and strength profiles of the 12 layers fine sand columns after 4 and 10 
treatments (flushes).  
 
To  solve  the  problem  of  cementation  being  restricted  to  the  top  500  mm 
(clogging),  less  layers  for  bacterial  immobilization  (6  layers)  were  used. 
According to Chapter 2, this would be expected to help deeper cementation as the 
risk of urease activity accumulation on the top layers could be diminished. The 
column with 6 layers resulted in improved depth of cementation (Figure 4.3 and 
Figure 4.4). By using only 6 layers significant cementation (>500 kPa) up to 1000 
mm depth was achieved (Figure 4.3 and Figure 4.4). 
 
Figure 4.3. Effect of using 6 or 12 layers for bacterial immobilization on CaCO3 content profiles of 
the 2 m sand columns (6 and 12 layers) after 10 treatments.  
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Figure 4.4. Effect of using 6 or 12 layers for bacterial immobilization on UCS profiles of the 2 
meter sand columns (6 and 12 layers) after 10 treatments. 
 
4.3.1.2  Cementation of 2 m Coarse Sand Column 
Fine sand has less permeability leading to low liquid infiltration rate, which may 
be the reason of local clogging. Compared to fine sand, coarse sand has higher 
permeability due to the large pore spaces, allowing higher liquid infiltration rate 
(Chapter 3). This high flow condition may cause the column to be less susceptible 
to clogging.  
After treatment, the entire coarse sand column was cemented to a strength (UCS) 
varying between 850 to 2067 kPa.  A significant strength improvement greater 
than 1000 kPa was obtained in the bottom section of the column (Figure 4.5). 
This  indicated  that  sufficient  amount  of  the  reagents  (urea/CaCl2)  were 
transported to the 2 m deep area, which was evident by the calcium carbonate 
profile (Figure 4.5). In contrast to the CaCO3 profile of the fine sand columns, the 
CaCO3 content in the coarse sand column was relatively constant at the top (up to 
1500  mm),  and  then  increased  gradually  with  depth.  This  indicated  that  local 
clogging was avoided in the coarse sand columns.  
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Figure  4.5.  Mechanical  properties  of  cemented  2-m  coarse  sand  column  after  22  times  of 
treatment. CaCO3 content and UCS profiles along the sand column. 
 
4.3.1.3  Permeability and Infiltration Rate  
Whiffin et al. (2007) suggested a high infiltration rate of cementation solution is 
desired  to  avoid  crust  formation  (local  clogging)  and  to  achieve  significant 
cementation in large depth of soils. The cementation of the fine sand columns 
supported this observation showing that the cementation was restricted to the top 
of the columns (Figure 4.4). To investigate whether the lower infiltration rate of 
cementation solution caused more serious clogging, the infiltration rate of solution 
in  the  columns  was  tested  by  recording  the  rate  with  which  the  solutions 
penetrated into the surface of sand column (cm/min). The penetration rate was 
calculated on the basis of the inflow rate of the percolated solution (mL/min). 
The lowest infiltration rate of cementation solution was detected in the 12 layers 
fine sand column, where the most serious clogging occurred. The non-clogged 
coarse sand columns presented approximately 10-fold higher liquid infiltration 
rate  than  that  obtained  in  the  fine  sand  columns.  Liquid  infiltration  rate  also 
decreased with the number of treatments in all sand columns, which was the result 
of the decrease in permeability due to the calcium carbonate crystals precipitated 
in the pore spaces (Figure 4.6).   
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When the infiltration rate was about 0.25 cm/min (12 layers fine sand column), 
about 90% (1800/2000 mM ammonium) of the cementation solution had already 
reacted by the time they reached the bottom (Figure 4.7). Evidently this leads to 
low CaCO3 precipitation in the bottom section relative to the top of the column. 
By comparison, in the coarse sand, the high liquid filtration rate enabled a fast 
movement of the cementation solution in the column (7-28.5 cm/min), leading to 
more than 80% of the un-reacted cementation solution reaching to the bottom 
(Figure 4.7).   
 
Figure  4.6.  Infiltration  rate  of  the  introduced  solutions  into  the  sand  columns  throughout  the 
biocementation process (BP bacterial placement; CS: cementation solution). 
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Figure 4.7. Ammonium concentration of the injected cementation solutions when they reached the 
bottom of the columns. 2000 mM of ammonium concentration represented 100 % conversion of 
urea (1 M) (BP bacterial placement; CS: cementation solution). 
 
4.3.2  Three Dimensional Cementation  
4.3.2.1  Procedure of Treatment 
The previous sand columns tests demonstrated that the surface percolation method 
was capable of homogeneously cementing 2 m coarse sand column. However, the 
results of fine sand biocementation indicated heterogeneity of strength distribution 
in vertical direction within the sand column. This study aims to test the feasibility 
of surface percolation method in 3-D application, especially the distribution of 
strength  in  horizontal  direction.  The  experiment  was  carried  out  at  a  cylinder 
container with approximately volume of 80 dm
3.  
The measurement of the ammonium concentration in the effluent indicated that at 
least  90%  of  the  total  injected  urea  was  hydrolyzed.  After  the  treatment  was 
completed, the plastic container was flushed with excess water and the cemented 
sand  was  excavated  from  the  container  (Figure  4.8).  Opening  the  container 
showed that the top layer of fine silica sand was successfully cemented. Further 
excavation indicated that the cemented sand body, about 70 dm
3 became clearly 
visible and stretched over about 40 cm depth.  
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Figure 4.8. Results or biocementation of a 3-D sample of 80 L of sandy soil topped with about 32 
L of fine silica sand. (A, cemented sample in cylinder container, B, dismantled cemented sample, 
C, cemented sampled was hosed with water. D, vertical cross-section along the longitudinal center 
line.   
 
4.3.2.2  Strength Profile (Local Strength) 
The  Schmidt  Hammer  tests  showed  that  the  bio-cemented  sand  body  had 
considerable strength variation from 0 MPa to about 4 MPa (Figure 4.9). Under 
the surface ponding, a relatively homogeneous cementation of silica sand layer 
with  size  of  300  mm  in  diameter  and  200  mm  in  depth  was  achieved  (dash 
rectangle  in  Figure  4.9).  In  this  range  the  strength  distribution  indicated  that 
about 80% of the cemented sand had strength between 2 to 2.5 MPa. Below the 
silica sand layer, the raw sandy soil was also cemented, which might be due to the 
unreacted cementation solution penetrated from the top half layer.  
 
Figure 4.9. Local strength measurement on the middle cross-section through the cemented sand 
body (contours are mirrored over the mid cross section). 
400
300
200
100
0
0 50 100 150 200 250 300 350 400 450
 
X-Horizontal Width (mm)
1.000
1.500
2.000
2.500
3.000
3.500
4.000
MPa
Z
-
V
e
r
t
i
c
a
l
 
D
e
p
t
h
 
(
m
m
)
A  B  C  D Chapter 4 
9  93 
4.4 Discussion  
4.4.1  Cementation of the 2 m Sand Columns via Surface 
Percolation  
Without disturbing the soil structure the surface percolation method could reduce 
the costs of required machinery (wells, liquid pumping machine, etc.) and labor. 
The  2  m  large  laboratory  scale  experiments  in  this  study  showed  significant 
cementation. However, the cemented fine sand columns had local clogging area 
close  to  the  surface,  leading  to  the  CaCO3  content  and  resulting  geotechnical 
mechanics properties being not as homogeneously distributed as desired. The non-
uniform cementation of fine sand can be mitigated by using 6 layers of bacterial 
placement instead of 12 layers. On the other hand, a fully cemented 2 m coarse 
sand column (6 layers) was obtained (Figure 4.5).  
 
4.4.2  Theoretical  Analysis  of  Heterogeneity  of 
Cementation 
The heterogeneity of the CaCO3 content distribution has been reported in previous 
large-scale biocement experiments by using submersed flow process (Whiffin et 
al., 2007). The heterogeneity of cementation was also observed in the fine sand 
column by surface percolation method. It is assumed that the heterogeneity is 
process induced, including effects of bacterial placement and cementation solution 
supply (van Paassen, 2009). This subsection discussed the effect of urease activity 
and cementation infiltration rate on the depth of cementation by using a simple 
mathematical  model.  The  details  of  the  mathematical  model  were  shown  as 
follows.  
 Chapter 4 
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4.4.2.1  Assumptions of Mathematical Model 
•  The  urease  activity  is  homogeneously  distributed  over  the  entire  sand 
column.  After  bacteria  are  homogeneously  immobilized  over  the  entire 
sand column, cementation solution is injected.  
•  The  cementation  solution  is  injected  from  the  top  of  the  sand  column. 
After the cementation solution is fully loaded into the sand column, the 
sand column is kept at room temperature to allow the cementation reaction 
to be completed.  
•  The  downward  infiltration  of  cementation  solution  has  little  dispersion 
through the column.  
 
4.4.2.2  Mathematical Model Building 
In order to simulate CaCO3 content over the entire distance, kinetic models were 
developed, which is presented as follows: 
a)  The length of sand column is L (cm); 
b)  The sand column is divided into N layers and thickness of each layer is L/N; 
c)  The  urea  hydrolysis  rate  (rurea)  can  be  described  by  Michaelis-Menten 
kinetic: 
[4.4]  𝑟      = 𝑟 ×(
     
        
); 
r0: maximum urease hydrolysis rate (here, equals to the urease activity of 
the injected bacterial suspension), Curea: urea concentration and km: constant 
parameter;  
d)  During the infiltration of cementation solution, in each layer (e.g. layer N) 
the concentration of inflow and outflow cementation solutions were CN-in, 
and CN-out respectively;  Chapter 4 
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e)  The concentration of outflow cementation solution at layer N is equal to the 
concentration of inflow cementation solution in layer N+1: 
[4.5]  𝐶      = 𝐶        ; 
f)  In  each  layer  (e.g.  layer  N),  the  concentration  of  outflow  cementation 
solution is subtraction of reacted cementation solution during the infiltration 
from the inflow: 
[4.6]  𝐶      = 𝐶     − 𝐶          ; 
g)  In each layer (e.g. layer N), the consumed cementation solution depends on 
the urea hydrolysis rate (rurea) and retention time (t): 
[4.7]  𝐶           = 𝑟     ×𝑡 = 𝑟     ×(
 
 × );  
v: infiltration rate (cm/min), N: layer number; 
h)  In  each  layer  (e.g.  layer  N),  the  total  precipitated  CaCO3  during  the 
cementation  solution  (WN-infiltration)  infiltration  is  calculated  by  the 
summation of the reacted cementation solution in this layer, which also can 
be  calculated  by  multiplying  the  total  volume  of  cementation  solution 
flowed through layer N (VN) by the difference of concentration between 
inflow and outflow in this layer: 
[4.8]  𝑊               = 𝑉 ×𝐶          ; 
i)  For each layer (e.g. layer N), the total volume of passed through solution 
(𝑉 ) can be expressed by: 
[4.9]  𝑉  = 𝑉      − 𝑉        ×(𝑁 − 1);  
Vtotal: total volume of injected cementation solution and Vsolution: the volume 
of retained cementation solution in each layer, which is same for all layers;   
j)  After  infiltration  of  cementation  solution  is  completed,  the  unreacted 
cementation  solution  in  each  layer  (e.g.  layer  N)  will  result  in  further 
precipitation of CaCO3 crystals (WN-stationary), which is expressed by: Chapter 4 
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[4.10]  𝑊             = 𝑉        ×𝐶        ; 
k)  Total precipitated crystals (WN-total) in each layer is expressed by: 
[4.11]  𝑊        = 𝑊               + 𝑊            ; 
l)  Content of CaCO3 in each layer (e.g. layer N) is expressed by: 
[4.12]  𝑃  =
        
       
=
        
 ×       
;  
WN-sand: weight of each sand layer, 𝜌: density of sand column, and VN-sand: 
volume of each sand layer; 
For all simulations, the parameters of the model are set and presented as follows: 
•  L=200 cm and N=100;  
•  The diameter of the column is 5.5 cm and content of pore void volume is 
39%. Therefore, the volume of each sand layer is VN-sand = 47.51 cm
3 and 
pore void volume (𝑉        ) ﾠof each layer is about 18.53 cm
3;  
•  km=55 mM;  
•  Initial  cementation  solution  consists  of  1000  mM  urea  and  1000  mM 
CaCl2, which is the same as the concentration of the inflow cementation 
solution in the first layer (𝐶    );  
•  𝜌 =1.625 g/cm
3. 
 
4.4.2.3  Effect of Urease Activity and Infiltration Rate 
A  simple  model  was  established  that  could  calculate  from  the  rate  of  urea 
infiltration and the rate of urea hydrolysis in the soil, the amount /concentration of 
unreacted urea and hence CaCO3 precipitation is possible over the depth of the 
sand column. To simplify the calculation, the sand column was assumed to be 
fully saturated. Chapter 4 
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For  a  fixed  infiltration  rate  of  5  cm/min  equivalent  to  fine  sand  the  model 
predicted the cementation potential (CaCO3 precipitation) with respect to depth 
(Figure  10)  after  one  void  volume  of  cementation  solution  was  injected  and 
completely reacted. The predicted CaCO3 distribution is more homogeneous in 
the presence of lower urease activity in the soil. Hence, in principle the observed 
lack of cementation in deeper layers of fine sand columns (Figure 4.3 and Figure 
4.4) could be alleviated by placing less urease active bacteria in the soil.  
 
 
Figure 4.10. The total amount of calcium carbonate precipitated as a function of depth (cm) under 
various urease activities. The infiltration rate was 5 cm/min in all cases (representative of fine 
sand). 
 
Figure 4.11 shows the model predictions for the effect of infiltration rates of 
cementation solution while maintain the same urease activity (20 mM urea/min). 
The predicted trend is that the CaCO3 distribution is more homogeneous at higher 
infiltration rates. The lowest infiltration rate (1 cm/min) simulated in this mode 
only reaches about 60 cm of cementation.  
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Figure 4.11.  Predicted effect of infiltration rates on calcium carbonate depth distribution of a 
single cementation application with a fixed urease activity of 20 mM urea/min. 
 
Together Figure 10 and Figure 4.11 indicate that more CaCO3 precipitates close to 
the  injection  points  (top  surface)  when  the  ratio  of  in-situ  urease  activity 
(mM/hour) to infiltration rate (cm/min) is large. This is summarized in Figure 
4.12  showing  the  depth,  where  the  urea  concentration  has  decreased  by  50%, 
during the infiltration at different ratios of urease activity to infiltration rate.  This 
figure is expected to be useful to engineers wishing to reach certain cementation 
depths in soils with a known infiltration rate. It recommends the level of urease 
activity to be placed in the soil dependent on soil infiltration rates.  
 
Figure 4.12. Effect of ratio of urease activity to infiltration rate on the precipitation depth. The 
depth represents the location where the urea concentration decreased by 50%. 
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4.4.2.4  Effect of Numbers of Treatment 
As discussed previously, the infiltration rate plays a major role in the biocement 
process,  which  can  be  demonstrated  from  experiments  as  well  as  model 
predictions (Figure 10, Figure 4.11 and Figure 4.12). A further complication is 
that  the  infiltration  rate  will  decrease  during  the  repeated  treatments  as  the 
porosity and permeability decrease, which is a result of the precipitation of the 
solid calcium carbonate. This has been demonstrated by the experimental results 
previously (Figure 4.6).  
In  order  to  simulate  this  phenomenon,  the  previous  model  is  expanded  by 
including the effect of CaCO3 precipitation on infiltration rate. Current model is 
derived under the assumption that the liquid infiltration rate in the sand columns is 
proportional and depends on the lowest intrinsic permeability. 
An empirical relationship between the intrinsic permeability and the porosity that 
is commonly used in ground water flow modelling is described by the following 
equation (Bear, 1972): 
 [4.13]    𝑘 = 𝑘  = 𝑘  = 𝑘  =
(  ) 
    ×
  
(   )  
In this equation, 𝑘 is the intrinsic permeability; 𝑑  is the mean particle size of the 
subsurface medium, and 𝜃 is the porosity, which is expressed by the following 
equation: 
[4.14]  𝜃 =
               
      
= (𝑉      −
         
         
) 𝑉      =  ﾠ𝜃  −
         
         
; 
In this equation, 𝑉     , 𝑉        , 𝑉     and 𝑉     , are volume of voids, volume of 
initial total pores, volume of precipitated crystals, and volume of sand matrix 
respectively. 𝑚         and 𝜌         ﾠare mass of precipitated crystals and density 
of crystals (i.e. 2.71 g/cm
3),  ﾠ𝜃  and 𝐶         are initial porosity and content of 
precipitated crystals (g/cm
3). As the intrinsic permeability varies along the sand 
column, this model is derived under the assumption that the liquid infiltration rate 
in  the  sand  columns  is  proportional  and  depends  on  the  lowest  intrinsic 
permeability.  Chapter 4 
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Figure 4.13 shows a model of bio-cemented columns with starting infiltration rate 
of 2.5 cm/min and porosity of 39% cemented by different numbers of treatment. 
Considering  a  decreasing  infiltration  rate,  during  the  repeated  treatments  (real 
situation), the loss of porosity at the top part of the column where most calcite 
precipitates (in fine sand) appears to be a self-enhanced phenomenon.  
 
Figure 4.13. Predicted effect of repeated treatments gradually slowing the infiltration rate (red 
line) on calcite precipitation in fine sand columns, in which the CaCO3 was presented as a function 
of depth (cm) after one and four treatments. The urease activity rate was assumed to be10 mM 
urea/min. 
 
4.4.2.5  Comparison Between Experimental and Modelling Results 
In  order  to  evaluate  the  mathematical  model,  the  experimental  data  and  the 
mathematical  model  results  were  compared.  In  this  case,  the  decrease  in 
infiltration rate was obtained from the experimental results (Figure 4.6), which is 
a function of the number of treatments. For fine sand column with 12 layers, the 
correlation is described by the following equation (Eq. 4.15): 
[4.15]  𝑦 ﾠ = 50.367×𝑒  .    ;     R
2=0.99691  
In  this  equation,  y  is  infiltration  rate  and  x  is  number  of  treatment.  In  this 
mathematical model, the total injected volume of cementation solution for each 
treatment was 660 mL, which was the same as that used in experiments. 
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Figure 4.14 indicates that the results of the simulation are in accordance with the 
experimental data (Figure 4.2), suggesting that this mathematical model can be 
used to predict the CaCO3 precipitation in-situ providing the infiltration rate and 
urease activity are known.  
 
Figure 4.14. Comparison of model predictions and experimental data on calcite precipitation over 
column depth. The urease activity rate was 10 mM urea/min. 
 
To  a  large  extent,  the  results  of  simulation  are  in  accordance  with  the 
experimental data, however, the measured CaCO3 content in the bottom layer are 
about 3 times higher than the calculated results. This is likely due to the simplified 
calculation,  which  assumes  the  solution  is  homogenously  distributed  over  the 
entire column. This is in contrary to the real world, where surface percolation 
treatment allows more solution retention in the bottom layers compared to the 
upper layers. This leads to more crystals formed compared to that predicted by the 
model.   
 
4.4.3  Longitudinal  Heterogeneity  of  One  Dimensional 
Cementation 
The  previous  results  of  experiment  and  simulation  indicated  that  the  CaCO3 
content  and  consequent  geotechnical  parameters  were  not  as  homogeneously 
distributed as desired.  The heterogeneity of cementation could be attributed to:  
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1.  The reaction of cementation solution during the infiltration, leading to less 
reagents moving to deeper areas.  This can be partly avoided by applying a 
fast flow of cementation solution via pumping devices. 
2.  Clogging induced by a self-enhanced phenomenon of increased crystals 
precipitation and decreased porosity. In the clogging areas, the decreased 
permeability  led  to  an  increase  in  hydraulic  residence  time  of  the 
cementation  solution  during  the  infiltration,  resulting  in  more  reagents 
being converted as crystals and precipitated in the clogging areas. 
Accordingly, a larger amount of cementation solution was supplied, resulting in 
more serious clogging in the top part of sand column (Figure 4.2). The sand 
columns conducted only by primary treatments had less risk of local clogging 
(Figure 2.9 and Figure 4.2). 
Apart from the factors discussed previously, the urease activity distribution may 
also  play  a  significant  role  on  the  heterogeneity  of  cementation.  During  the 
infiltration, the amount of precipitated CaCO3 at a specific location depends on 
the  amount  of  available  urea  catalyzing  bacteria  (van  Paassen,  2009).  More 
reagents are converted and precipitate as CaCO3 crystals in the areas, where the 
ureolytic bacteria are accumulated. In turn, the locally enhanced accumulation of 
bacteria will induce more crystals to precipitate in the clogging regime.  
Compared  to  the  12  layers  column,  the  6  layers  column  with  less  activity 
accumulation at the top of the column (Cheng and Cord-Ruwisch, 2012), would 
allow  reagents  to  infiltrate  further.  This  was  evident  by  the  results  presented 
previously and in this study (Figure 2.9, Figure 4.3 and Figure 4.4). However, 
after a large amount of cementation solution was supplied (10 treatments) the 
clogging  still  occurred  although  it  was  mitigated  compared  to  the  12  layers 
column. The optimum number of applied layers was dependent on the length of 
the sand columns to be treated, therefore, balancing the number of layers and the 
length of sand column (i.e. depth of soil in field) might be essential to achieve 
homogeneous cementation.  
As Al-Thawadi (2008) suggested, in order to reduce the urease activity in the top 
part  urease  activity  inhibitor  could  be  introduced,  such  as  hydroxyurea, Chapter 4 
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hydroxamic acids, phosphoroamide compounds, phosphate, etc., to reduce urea 
conversion rate in the top part of sand column.  
Whiffin  et  al  (2007)  suggested  fast  flow  rates  would  move  the  cementation 
reagents further into the column. For the surface percolation technique, a high 
flow  rate  can  only  be  obtained  in  the  coarse  sand  due  to  the  high  intrinsic 
permeability.  The  biocementation  conducted  in  the  2  m  coarse  sand  column 
clearly showed a fast liquid infiltration (7-28.5 cm/min) throughout the process. 
More than 80% of the reagents (urea and CaCl2) were transported to the bottom 
section of the column, resulting in significant CaCO3 crystals precipitation.  The 
results  of  the  coarse  sand  cementation  with  relative  homogeneous  strength 
distribution demonstrated the technical feasibility of biocement for coarse sand 
reinforcement  at  large  distance  up  to  2  meters  (Figure  4.5).  The  maximum 
attainable cementation distance did not appear to be limited to 2 meters and it may 
be possible to extend this distance further.  
 
4.4.4  Three  Dimensional  Biocementation  via  Surface 
Percolation 
In the cylinder container, the cementation of the fine sand, which was beneath the 
surface  ponding,  was  relatively  homogeneous,  indicating  that  all  parts  of  this 
regime  received  similar  amount  of  reagents.  In  porous  materials,  the  liquid 
infiltration driven by gravity force has preferential flow paths, where the flow 
resistance is lower than other areas. Therefore, along these preferential flow paths, 
soils  continuously  receive  reagents,  leading  to  reasonably  higher  content  of 
CaCO3 and strength than in other areas.  
The CaCO3 crystals precipitated in pores will decrease the porosity of soil and 
also the permeability. This will cause an increase in the flow resistance, leading to 
development of new preferential flow paths of liquid (van Paassen, 2009). The 
new preferential flow paths will bring bacteria and cementation solution to the 
areas, where fewer crystals precipitated previously, and enhance the cementation. 
This suggests that although the liquid infiltration flow paths cannot be controlled Chapter 4 
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in  the  surface  percolation  method,  the  self-adjustable  flow  paths  favor 
homogeneous cementation. The behavior of flow paths self-adjustment during the 
treatment was evident by a single-point trickling trial, shown in Appendix G.  
 
4.5 Conclusions 
Larger  scale  laboratory  experiments  presented  in  this  study  have  shown  that 
strengthening  (consolidation)  of  unsaturated  soil  by  using  the  novel  surface 
percolation method of MICP is technically feasible.  
The  results  of  CaCO3  content  and  mechanical  properties  of  the  bio-cemented 
samples  demonstrated  that  the  surface  percolation  technique  is  particularly 
suitable for porous granular materials with high permeability (e.g. coarse sand, 
gravel, etc.). This type materials allows for the unobstructed flow of the MICP 
solution permitting large depths (more than 2 meter)  consolidation.  However, for 
fine sand (< 0.3 mm) the slow infiltration rate (0.25-4.8 cm/min) resulted in the 
cementation being restricted to 1 m depth.    
A  simple  mathematical  model  has  demonstrated  that  the  cementation  depth  is 
dependent on the infiltration rate of cementation solution and immobilized urease 
activity. Higher infiltration rate and lower urease activity will result in deeper 
cementation.  Repeated  treatment  will  enhance  the  sand  clogging  close  to  the 
injection point.  
In the case of fine sand cementation by surface percolation, the 1-D application 
demonstrated the heterogeneity of cementation in vertical direction, while the 3-D 
application indicated that homogenous cementation in horizontal direction could 
be achieved.   Chapter 5 
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5  Practical Engineering Application-Slope 
Stablization  
5.1 Introduction  
Soil improvement methods are widely applied in order to alter soil characteristics 
to satisfy the desired land use. Soil supporting of structural foundations usually 
requires  strengthening/compacting  due  to  the  insufficient  density  of  the 
underlying soil (Warner, 2004). Dynamic loads caused by earthquakes can induce 
soil  liquefaction  when  the  soil  is  saturated,  and  consequently  damage  the 
constructions on top of it.  Slope failure and land sliding very often occur due to a 
combination  of  seepage  and  external  loading.  Dikes  and  dams  can  become 
unstable by the inside water erosion.  
MICP technology has been proposed as a promising soil improvement method by 
inducing the precipitation of calcium carbonate to cement soil particles (Chapter 
3, van Paassen et al., 2010b; Whiffin et al., 2007; DeJong et al., 2006). MICP has 
been  considered  to  be  effective  in  mitigating  seismic-induced  liquefaction 
(DeJong et al., 2006; DeJong et al., 2010). van Paassen (2009) has discussed the 
potential  applications  of  MICP  on  railroad  tracks  stabilization  and  calcarenite 
room  and  pillar  mines  reinforcement  on  the  basis  of  experimental  data  and 
simulation results.   
In  this  study,  slope  stabilization  by  using  surface  percolation  MICP  will  be 
discussed. Slope stabilization is the way to prevent slope from sliding or side 
collapse, which may occur in any fields that include slopes, such as slopes of 
earth and rock-fill dams, slopes of other types of embankments, excavated slopes, 
and natural slopes in soil and soft rock. As mentioned previously, water seeping 
along a predestined path can initiate the process of progressive erosion of soil 
particles  known  as  internal  erosion  subsequently  resulting  in  slope  failure 
(Vaníček and Vaníček, 2008). Another condition that leads to instability of slopes is 
the rise in groundwater level, which may be caused by excessive rainfall, construction 
activities (canal, reservoirs and dams), and tide (Figure 5.1). Rise in groundwater Chapter 5 
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level results in direct decrease in effective stresses within slopes due to increased pore 
water pressures (Duncan and Wright, 2005).   
 
Figure  5.1.  Illustration  of  effect  of  ocean  tide  on  slope  stability  of  sand  dune  (adapted  from 
Cornforth (2005) and Connected Waters (2012)). 
 
Apart from the most often used means of integrated drainage systems (Duncan 
and Wright, 2005), other soil improvements methods are used to assist the soil 
stabilization.  In order to achieve slope stability, the balance between the internal 
shearing resistance of the materials and gravity forces influencing slope material 
to  move  down  must  be  achieved.  Cementitious  grouts,  which  are  capable  of 
increasing shearing resistance of soil, have been extensively applied to stabilize 
landslide prone soil slopes in both North America and United Kingdom (Duncan 
and Wright, 2005). 
Having established that MICP applied by surface percolation can significantly 
improve  the  soil  mechanical  properties  (Chapter  3),  the  feasibility  of  this 
technique for slope stabilization was assessed by using a geotechnical engineering 
modeling software. In this section, the slope stability analyses were conducted 
using the software of SLOPE/W GeoStudio V7.17 (Geo-Slope 2007) based on the 
limit equilibrium theory. Chapter 5 
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5.2 Practical Applications  
5.2.1  Parameters of Cementation 
5.2.1.1  Cementation Conditions 
Laboratory experiments (Chapter 4) demonstrated that MICP surface percolation 
technique enables the biocementation at large laboratory scale. For coarse sand, 
homogeneous cementation over the entire 2 m sand column was achieved. The 
results of fine sand cementation indicated heterogeneity of strength distribution in 
vertical direction (Figure 4.4 and Figure 4.5). 
In this slope stability analyses, for the fine sand, the sand dune was undertaken by 
cementing the sand up to 2 m depth from the top. The cemented sand consisted of 
2  layers  having  different  strength,  representing  the  possibility  of  a  non-
homogeneous cementation (Figure 5.2). From the top surface to 1 m depth (Layer 
1), the cemented sand illustrates the strength achieved at an approximated CaCO3 
content of 0.086 g/g sand. From 1 to 2 m depth (Layer 2), the cemented sand is 
indicative of strength ascertained with a CaCO3 content of 0.043 g/g (Chapter 3, 
Figure 3.11 and Figure 3.12). To simplify the simulation, it is assumed that 65% 
of saturation degree is achieved over the entire 2 m depth. 
 
Figure 5.2. Setup of two layers of cemented sand (2 m) used in SLOPE/W for fine sand dune of 10 
m height and slope angle of 45
o. 
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In contrast to fine sand, the coarse sand dune has cemented sand with uniform 
strength, representing the capability of homogeneous cementation for coarse sand 
(Figure  5.3).  The  entire  2  m  cemented  coarse  sand  illustrates  the  strength 
achieved  at  an  approximate  calcite  carbonate  content  of  0.0734  g/g  sand.  To 
simplify the simulation, it is assumed that 30% of saturation degree is achieved 
over the entire 2 m depth, which is less than that in the fine sand due to the lower 
water retention capability.  
 
Figure 5.3. Setup of one layer of cemented sand (2 m) used in SLOPE/W for coarse sand dune of 
10 m height and slope angle of 45
o.  
 
In order to compare the effect of the submersed flow and the surface percolation on 
the slope stability, sand dune consolidated by similar amount of CaCO3 under 100% 
saturation  degree  condition  is  numerically  simulated.  As  discussed  previously,  2 
layers  of  cemented  fine  sand  and  1  layer  of  cemented  coarse  sand  are  employed 
respectively.  
5.2.1.2  Input Parameters  
According to Duncan (1992), as long as the method satisfies moment and force 
equilibrium, the choice of particular slope analysis procedures to use in not very 
critical. In this study, Bishop’s simplified method of circular arc analysis was 
employed,  which  can  accommodate  complex  slope  geometries,  variable  soil 
layering and strengths, variable pore water pressure conditions, inter-slice forces 
and  the  influence  of  external  boundary  loads  (Spigolon,  2001).  The  input Chapter 5 
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parameters include density of soil, friction angle and cohesion. The parameters of 
the materials used in the slope stability analysis are all obtained from Chapter 3 
and shown in Table 5.1 and Table 5.2. 
. 
Table  5.1.  Material  properties  used  in  the  slope  stability  analysis  under  surface  percolation 
condition (All data is referred to Chapter 3) 
Parameters 
Materials 
Untreated 
Sand 
(Fine) 
Biocement 
(Fine sand)  Untreated 
Sand 
(Coarse) 
Biocement 
(Coarse sand) 
Layer 1 
(1 m) 
Layer 2 
(1 m)  Layer 1 (2 m) 
Unit weight (kN/m
3)  16.3  17.7  17.0  16.3  17.5 
Cohesion (kPa)  1.1  240  61  1.0  120 
Friction angle (
o)  23  30  23  25  39 
 
Table 5.2. Material properties used in the slope stability analysis under submersed flow condition 
(All data is referred to Chapter 3) 
Parameters 
Materials 
Untrea
ted 
Sand 
(Fine) 
Biocement 
(Fine sand)  Untreate
d Sand 
(Coarse) 
Biocement 
(Coarse sand) 
Layer 1 
(1 m) 
Layer 2 
(1 m)  Layer 1 (2 m) 
Unit weight (kN/m
3)  16.3  18.02  17.05  16.3  17.65 
Cohesion (kPa)  1.1  140  30  1.0  45 
Friction angle (
o)  23  28  23  25  30 
 
5.2.2  Effect  of  Biocementation  on  Slope  Stability  of 
Sand Dunes  
Surface percolation method provides a simple application process allowing the 
cementation to occur from the surface of soil. In order to test whether this surficial 
cementation up to 2 m depth can increase the slope stability to a safe level (safety 
factor > 1.5), several sand dunes with varied heights of 5, 10 and 15 meters with 
slope angle of 45
o were numerically simulated. An example of a simulation for a 
10 meters height slope is shown in Figure 5.2 and Figure 5.3. Chapter 5 
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The  slope  stability  analyses  are  completed  for  all  bio-cementation  conditions 
outlined  in  this  study  and  the  factors  of  safety  of  the  sand  dune  slopes  are 
calculated.  As  expected,  it  can  be  seen  that  in  all  cases,  the  factor  of  safety 
decreases with the increase in sand dune height. However, it can also be seen that 
for all sand dune heights used, significant improvement in slope stability occurs 
for bio-cemented soils compared to the untreated soil, irrespective of the sand 
grain size. For both fine and coarse sand, the sand dunes having the top 2 m thick 
layer cemented with MICP, the height can achieve up to 10 m in the presence of 
45
o slope angle (factor of safety >1.5) (Figure 5.4 and Figure 5.5). Doubling the 
depth of the cemented sand layers allows the sand dune height to achieve 15 m, 
where  the  safety  factors  were  1.662  (fine  sand)  and  1.656  (coarse  sand) 
respectively (data not shown in Figure 5.4 and Figure 5.5).  
 
Figure  5.4.  Results  of  the  stability  of  sand  dune  (fine  grained  sand)  slops  enhanced  with 
biocement.    
 
Figure  5.5.  Results  of  the  stability  of  sand  dune  (coarse  grained  sand)  slops  enhanced  with 
biocement.    
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As  expected,  the  sand  dune  treated  by  surface  percolation  method  has  higher 
safety  factor  compared  to  the  submersed  flow  method  provided  that  similar 
amount of CaCO3 crystals are formed in all cases. This is due to more crystals are 
formed  in  the  contact  points  of  sand  under  low  saturation  degree  conditions, 
which can favor the more effective cementation of the sands grains (Cheng and 
Cord-Ruwisch, 2012, Chapter 3).   
Despite the fact that the above practical application seems to be simplistic, it is 
rather informative and helps clarifying the suitability of the surface percolation 
biocementation technique in a real application. Overall, the above results indicate 
that the application of surface percolation has the ability to stabilize unstable sand 
dune, so that they can be used as an effective soil improvement method in the 
application of sand dune enhancement. 
 
5.3 Discussion  
The numerical simulation indicated the ability of MICP via surface percolation to 
stabilize  unsaturated  porous  soil  to  achieve  significant  inclined  stable  slopes. 
Apart from sand dune slope stabilization, MICP surface percolation method has 
potential  to  in-situ  stabilize  subgrade  of  road  to  provide  a  stable  and  durable 
roadway. The subgrade strengthened by MICP could eliminate other base layers if 
the strength provided by the MICP is sufficient, and it also has potential to reduce 
the  project  costs  of  subgrade  enhancement  compared  to  applying  traditional 
methods. For example, subgrade enhancement by replacement of unsuitable soils 
requires  excavation,  transportation  of  more  suitable  soils,  compaction  and 
deposition  of  unsuitable  soils,  which  are  not  required  for  the  MICP  surface 
percolation.  
Another practical application for the potential use of MICP is the stabilization of 
embankment, which is also suitable for surface application. Given the strength of 
embankment soil treated by the MICP is similar to that obtained from current 
trials,  there  is  a  potential  to  dramatically  reduce  the  amount  of  fill  materials Chapter 5 
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required  for  the  construction  of  the  embankments.  Reduction  in  fill  materials 
directly decreases the cost of the project.  
 
5.4 Conclusions 
The geo-model analysis has proved that surface application of MICP is a viable 
alternative to chemical grouting for soil improvement applications such as slope 
stabilization.  Similar conclusions are expected for other engineering applications 
such as liquefiable soil reinforcement. Chapter 6 
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6  Growth of Highly Urease Active Aerobic 
Bacteria under non-Sterile Conditions 
6.1 Introduction 
Microbially induced carbonate precipitation (MICP) is gaining increased interests 
for  its  applications  in  several  fields,  such  as  wastewater  treatment,  soil 
bioremediation, historical building restoration, and ground improvement (Warren 
et al., 2001; DeJong et al., 2010; van Paassen et al., 2010b; van Paassen et al., 
2009b; Whiffin et al., 2007).  The feasibility of MICP technology does not only 
depend on technical factors, but involves economical issues as well. Apart from 
the cost of required chemical substrates (calcium chloride and urea), the cost of 
urease enzyme production including medium, inoculum, equipment, labor, and 
sterilization  will  affect  the  commercial  applicability.  Particularly,  the  cost  of 
growth media sterilization is in the order of $0.46-0.66 per L (Whiffin, 2004).  
The  currently  used  ureolytic  bacterium,  Bacillus  sphaericus,  named  MCP-11 
(isolated by Al-Thawadi (2008)), has several advanced features. These features 
include high urease activity (9-11 mM urea/min) and high stability of activity at 
4°C over several weeks (Al-Thawadi, 2008). Those advantages contributed to its 
wide  application  in  soil  stabilization  (Cheng  and  Cord-Ruwisch,  2012;  Al-
Thawadi, 2008; Chapter 3 and 4). However, the cultivation of MCP-11 has to be 
operated  under  sterile  conditions  to  obtain  a  consistent  urease  activity. 
Accordingly, it was highly desirable to obtain an economical cultivation method 
that offers economic advantages over the existing ureolytic bacteria cultivation, 
i.e. sterilized batch cultivation (Al-Thawadi, 2008; Whiffin et al., 2007; DeJong et 
al., 2006). The advantages should be more consistent in urease production, higher 
tolerance to contamination (urease negative bacteria), and less need for sterile 
conditions.  
In order to achieve the aforementioned advantages, the new cultivation method 
should be able to selectively identify and enrich ureolytic bacteria against urease 
negative  bacteria.  The  principal  of  using  selective  media  (media  with  specific Chapter 6 
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nutrients addition or deficient, or with antibiotics addition) to help enrich specific 
organisms has been demonstrated (Thomson and Bertram, 2001). For example, if 
a  microorganism  is  resistant  to  a  certain  antibiotic,  such  as  ampicillin  or 
tetracycline, then this particular antibiotic can be added into the medium in order 
to  prevent  other  microorganisms,  which  do  not  process  the  resistance,  from 
growing. Apart from the antibiotic addition, some organisms (e.g. Streptomyces) 
have  adaptations  to  severe  environments  by  the  self-production  of  multiple 
antibiotics  that  inhibit  the  growth  of  competing  microorganisms  from  the 
environment (Challis and Hopwood, 2003).  
Most ureolytic bacteria use urea as a source of nitrogen by actively transporting or 
passively diffusing urea into the cell cytoplasm, where urease hydrolyzes urea to 
release ammonium. Then the produced ammonium can be directly assimilated 
into  biomass  via  the  glutamine  synthetase-glutamate  synthase  (GSGOGAT) 
pathway or by the action of glutamate dehydrogenase (GDH) (Tyler, 1978). Some 
other ureolytic bacteria have different usage of urease. For example, S. pasteurii, 
moderately  alkaliphilic  organism,  creates  a  high  membrane  potential  (charge 
difference across the membrane) by pumping out ammonium, to drive protons 
back  into  the  cell  against  the  concentration  gradient  when  the  external 
environment is highly alkaline (Jahns, 1996). Those protons are driven back into 
the cells through the ATP-synthase, resulting in ATP generation (Prescott et al., 
1993). 
Due to its specific metabolism mechanisms, it should be possible to enrich this 
type  of  ureolytic  bacteria  (MCP-11)  at  non-sterile  conditions  by  providing 
selective growth conditions. The selective growth conditions include high pH and 
ammonium/ammonia, due to the following rationales: 
•  MCP-11 is tolerant to high pH (pH > 9.0) (AL-Thawadi, 2008), which 
may inhibit most of neutrophilic urease negative organisms. 
•  MCP-11 is tolerant to high concentration ammonium/ammonia (>0.6 M) 
(AL-Thawadi, 2008). A high concentration of free NH3 is known to be 
detrimental to most bacteria as its cytotoxic effects. (Müller et al., 2006).  Chapter 6 
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The aim of this chapter is to establish a selective growth procedure that enables 
the MCP-11 strain to constantly produce high urease activity in the presence of 
urease negative bacteria (in this thesis urease negative bacteria include all the 
strains  which  could  not  express  urease).  Both  sequential  batch  and  chemostat 
conditions have been evaluated.  
 
6.2 Materials and methods 
6.2.1  Microorganism (Inoculums) 
MCP-11  (Bacillus  sphaericus)  was  grown  under  batch  cultivation  conditions 
(Chapter 2, section 2.2.1) and stored in 4°C refrigerator prior to use. The optical 
density (OD600) of the collected culture varied between 1.8 to 2.2 and the urease 
activity was approximately 15 U/ml (1 U=1 µmol urea hydrolyzed per min).  
 
6.2.2  Growth Media and Contaminants 
To grow pure MCP-11 bacteria under non-sterile conditions, it is necessary to 
select  conditions  in  which  MCP-11  could  overgrow  background  bacteria  and 
continuously produce urease. A series of media, as specified in each following 
result section, consisting of variable concentration of urea, ammonium sulphate, 
and constant yeast extract (YE) (20 g/L) were tested at different pH conditions. 
The actual media compositions are mentioned in the results section. Activated 
sludge (5 g/L, dry weight) obtained from wastewater treatment plant (Woodman 
Point, Perth, Western Australia) was added as contaminants. The activated sludge 
was stored at 4°C refrigerator prior to use.  
 
6.2.3  Small Scale (100 mL) Sequential Batch Cultivation 
The MCP-11 inoculum (10 mL) and activated sludge (10 mL) were inoculated 
into  the  yeast  extract  medium  (80  mL),  consisting  of  20  g/L  YE,  0.1  M Chapter 6 
9  116 
ammonium sulphate, 0.1 mM nickel chloride, and starting pH 9.25. The total 100 
mL culture was placed in 250 mL shaking flask at 28±1°C for cultivation about 
20 hours. After 20 hours, 50% of the grown culture (50 mL) was transferred into 
new fresh medium (50 mL).  All the cultivations were conducted under sterile 
conditions. As control, same amount of pure MCP-11 inoculum was tested in the 
absence of activated sludge.  
 
6.2.4  Large Scale (500 mL) Sequential Batch Cultivation 
10% (v/v) of pure MCP-11 inoculum (50 mL) and 10% (v/v) of activated sludge 
(50 mL) were placed in 400 mL of growth media (1 L cylindrical vessel, at 28°C). 
Air sparger (1 L/min) and steel stirrer (300 rpm) were placed in the vessel to 
supply enough oxygen for aerobic growth of MCP-11. The pH of the culture was 
monitored online by computer and adjusted automatically by dosing concentrated 
NaOH  (10  M)  or  HCl  (1M)  solution.  Specified  amount  of  the  grown  culture 
(exponential growth phase or stationary growth phase) was subjected to several 
further successive subculturing steps to investigate the stability of urease activity 
production.  The  biomass,  urease  activity  and  specific  urease  activity  of  each 
subculture (500 mL) were recorded. No additional activated sludge was added to 
the subcultures. During the cultivation, the culture temperature was kept constant 
at 28±1°C. 
 
6.2.5  Chemostat Cultivation   
Chemostat setup consisted of a 1 L stirred glass bioreactor with 0.5 L operating 
volume.  After  the  batch  culture  reached  the  stationary  state  of  growth,  fresh 
medium was pumped continuously into the reactor with a hydraulic retention time 
of 7.5 hours. The stirring speed was around 400 rpm and the airflow rate was 
about 1 L/min. This resulted in a kLa value of about 60 h
-1. The air pump was 
controlled  by  using  simple  on-off  controller  implemented  by  the  LabView
TM 
(version  7.1)  controlled  computer,  resulting  in  an  oxygen  steady  state 
concentration between 5 and 6 mg/L. The pH of the reactor was automatically Chapter 6 
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controlled at desired level by adding HCl (2 M) or NaOH (10 M) dosing. During 
the  cultivation,  the  culture  temperature  was  kept  constant  at  28±1°C.  The 
produced  culture  was  tested  regularly  for  urease  activity  and  biomass 
concentration (Figure 6.1).  
 
Figure 6.1. Chemostat cultivation reactor with pH and temperature control.   
 
6.2.6  Monitoring Methods 
Biomass  concentration  and  urease  activity  was  determined  as  described 
previously (Chapter 2-Section 2.2.4). The specific urease activity was defined as 
the amount of urease activity per unit biomass and was calculated according to the 
following equation:  
[6.1] 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 ﾠ𝑈𝑟𝑒𝑎𝑠𝑒 ﾠ𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
       ﾠ         ﾠ(   ﾠ     ﾠ           ﾠ     )
        ﾠ(     )  ﾠ 
A  correlation  of  biomass  concentration  (dry  weight)  and  optical  density  was 
established (Appendix H) and expressed as the following equation: 
[6.2]  C (biomass concentration, g/L)= 0.4433* OD (600 nm)  (R
2=0.998). 
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6.3 Results  
6.3.1  Effect of Contamination (Small Scale Batch) 
For the purpose of field application of biocementation, it is important to achieve 
an economic production of urease activity in a non-sterile environment. From a 
number of different batch experiments, it was noticed that if absolute sterility was 
not  guaranteed  then,  on  occasions,  microbial  growth  occurred  but  insufficient 
enzyme  activity  was  produced.  When  inspected  under  the  microscope  such 
cultures showed that non-urease contaminants (i.e. urease negative bacteria) had 
developed and out-competed the desired ureolytic strain (MCP-11). In order to 
investigate the effect of severe contaminants on the urease activity production, 
activated sludge was added at the beginning of the batch culture. 
During the first batch, significant urease activity of about 10 U/mL was obtained, 
which was about 30% lower than the non-contaminated culture. The non-sterile 
culture lost activity with each new subsequent transfer (Figure 6.2). From the fact 
that similar levels of biomass were formed in the subcultures (biomass: 0.9-1.25 
mg/mL), and the continuous drop of specific urease activity, it can be concluded 
that contaminant bacteria had overgrown the ureolytic bacteria (MCP-11). This 
was  confirmed  by  microscopic  observation  showing  severe  contamination  by 
different contaminants. 
 
Figure 6.2. Effect of contaminations on urease activity and specific urease activity of ureolytic 
bacterial culture. The sterile and non-sterile batch cultures were cultivated for 4 transfers (50%) at 
starting pH 9.25. The growth medium consists of 20 g/L YE, 0.1 M ammonium sulphate and 0.1 
mM Ni
2+.  
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The ureolytic bacteria overgrown by urease negative bacteria could be due to the 
uncontrolled pH of the culture, which decreased during the cultivation from the 
initial value of 9.25 to about 8. This was presumably due to NH3 volatilization 
and  CO2  production.  The  decreased  pH  resulted  in  lowered  ammonia  present 
without it being as toxic as at high pH. Therefore the contaminant bacteria started 
to grow, and eventually overgrown the MCP-11 strain.   
 
6.3.2  Effect of Constant High pH (Large Scale Batch) 
6.3.2.1  Absence of Ammonium 
The previous experiment showed that urease activity decreased with each transfer, 
suggesting  that  contaminant  bacteria  tended  to  overgrow  the  ureolyic  bacteria 
(MCP-11). A constant high pH and high ammonium could both limit the growth 
of contaminants. To study the effect of constant pH, which was kept at 9.5, the 
culture  was  again  contaminated  by  activated  sludge  as  specified  above  in  the 
absence of ammonium.  
The contaminated cultures with controlled pH at 9.5 maintained a high urease 
activity of about 30 U/mL for 2 transfers, indicated that the MCP-11 strain had an 
uninhibited growth at pH 9.5. However, after the 2
nd transfer, a drop of 40% in 
activity after each transfer was observed, while the biomass level stayed constant, 
indicating that the MCP-11 strain was overgrown by the contaminants (Figure 
6.3). While the pH control at around 9.5 helped maintaining the urease producers 
(S. pasteurii) better than in the non-pH controlled experiment (Figure 6.2), it was 
not completely sustainable.   
The decreased urease activity could be a result of inhibited growth of MCP-11.  In 
the case of ureolytic bacteria such as S. pasteurii, no growth can occur in the 
absence  of  ammonium  or  the  ammonium  precursor  urea  (Whiffin,  2004). 
Therefore, more selective conditions with ammonium addition could be created to 
allow the growth of the urease producers inhibit contaminants. Chapter 6 
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Figure 6.3. Effect of constant pH (9.5) on biomass, urease activity, and specific urease activity of 
initially  contaminated  MCP-11  culture.  The  culture  was  cultivated  for  5  transfers  (50%).  The 
growth medium consisted of 20 g/L YE and 0.1mM NiCl2. 
 
6.3.2.2  50 mM Ammonium Sulphate 
To create more severe selective conditions for the MCP-11, an increase in pH to 
10 was not considered as it had shown to limit growth of the MCP-11 (data not 
shown). An addition of ammonia was a possibility, as the MCP-11 can tolerate 
significant  NH3  while  most  heterotrophic  bacteria  are  inhibited  by  high 
concentration of NH3. It is also possible that the presence of ammonia may be 
necessary to maintain a high level of urease activity. To test this hypothesis, 50 
mM ammonium sulphate was added.  
When the pH was maintained at 9.5 in presence of 50 mM ammonium sulphate, a 
high production of urease activity of about 25 U/mL and specific urease activity 
of about 7 U/mg were achieved over 4 transfers. Then a continuously drop in 
urease activity and specific urease activity was observed (Figure 6.4).  
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6.3.2.3  100 mM Ammonium Sulphate 
When increasing the ammonium sulphate concentration to 100 mM, a similar loss 
of urease activity and specific urease activity after four transfers was observed 
(Figure 6.5). For about 4 transfers the activity remained higher than 25 U/mL. 
However, continued operation resulted in a loss of activity to about 10 U/mL, 
indicating that this process offered promise but was not reliable enough yet to be 
used for large applications. 
 
Figure 6.4. Effect of 50 mM ammonium sulphate addition on biomass, urease activity, and specific 
urease activity of initially contaminated MCP-11 culture. The culture was cultivated for over 6 
transfers (50%).  The growth medium consisted of 20 g/L YE, 50 mM (NH4)2SO4, 0.1mM Ni
2+, 
and constant pH 9.5. Chapter 6 
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Figure  6.5.  Effect  of  100  mM  ammonium  sulphate  addition  on  biomass,  urease  activity,  and 
specific urease activity of initially contaminated MCP-11 culture. The culture was cultivated for 
over 6 transfers (50%).  The growth medium consisted of 20 g/L YE, 100 mM (NH4)2SO4, 0.1mM 
Ni
2+, and constant pH 9.5. 
 
6.3.2.4  170 mM Ammonium Sulphate 
Previous  research  works  showed  that  enrichment  media  containing  0.152  M 
ammonium sulphate (0.304 M of total NH3/NH4
+) were used to screen for MCP-
11 strain (Al-Thawadi, 2008). This demonstrated that the MCP-11 strain could 
survive in severe condition with concentrated NH3/NH4
+ more than 300 mM. The 
ammonia addition of 170 mM ammonium sulphate was added at the beginning of 
each  transfer.  A  stable  specific  urease  activity  of  more  than  7.5  U/mg  was 
obtained after five transfers (Figure 6.6). However biomass production was lower 
than  6  (OD600)  through  the  course  of  the  experiment,  resulting  in  the  urease 
activity production less than 20 U/mL. It suggested that the high concentration of 
NH3/NH4
+ could inhibit growth of most bacteria, which was evident by the less 
biomass production, and also might impact the urease activity production of the 
MCP-11 strain. Chapter 6 
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Figure  6.6.  Effect  of  170  mM  ammonium  sulphate  addition  on  biomass,  urease  activity,  and 
specific urease activity of initially contaminated MCP-11 culture. The culture was cultivated for 
over 6 transfers (50%).  The growth medium consisted of 20 g/L YE, 170 mM (NH4)2SO4, 0.1mM 
Ni
2+, and constant pH 9.5. 
 
6.3.3  Effect  of  Urea  Addition  Instead  of  Ammonia  on 
Urease Activity Production  
In this trial the NH3/NH4
+ precursor urea was used as substitution of ammonium 
sulphate. The advantages of using urea include: 
•  First,  at  the  beginning  of  each  batch,  urea  addition  could  diminish  the 
impact of the high concentration of NH3/NH4
+ on the production of urease 
activity. 
•  Second,  urea  addition  might  play  a  role  in  the  regulation  of  urease 
(Rosentein et al., 1981; Mörsdorf and Kaltwasser, 1989). 
•  Third, urea addition can aid the growth of urease producing bacteria, as 
well inhibiting the growth of urease negative bacteria by slowly producing 
NH3/NH4
+ to a final high concentration. 
In order to determine whether the presence of urea could maintain urease activity 
at high level, 0.17 M urea was added at the beginning of each transfer. In the 
presence  of  urea,  stable  specific  urease  activity  was  reached  after  6  transfers 
indicating that the ureolytic bacteria were not overgrown in this condition (Figure Chapter 6 
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6.7).  However, after 4
 transfers a decrease in total urease activity was observed, 
which was probably due to the decreased biomass production. The reason could 
be the still rather high NH3 concentration. In the presence of pH 9.5 and 0.17 M 
urea, 218 mM NH3 would be present at the end of each cultivation assuming all 
urea had been converted. As designed, 50% of the culture was transferred into 
new medium, resulting in more than 100 mM NH3 present at the start of the 
following subculture.  
 
Figure 6.7. Effect of urea addition instead of ammonium sulphate on biomass, urease activity, and 
specific urease of initially contaminated MCP-11 culture. The culture was cultivated for over 6 
transfers  (50%).  The  growth  medium  consists  of  20  g/L  YE,  0.17  M  urea,  0.1mM  Ni
2+  and 
constant pH 9.5. 
 
To diminish the impact of the high remaining ammonia on the subsequent sub-
culture, the transfer volume (inoculum) was lowered from 50% as in all the above 
tests to 10%. This lowered inoculum size enabled a sustained urease production 
for more than 6 transfers. A stable specific urease activity of about 7.5 U/mg was 
observed after 6 transfers.  Total urease activity was maintained about 25 U/mL 
approximately (Figure 6.8). Chapter 6 
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Figure 6.8. Effect of inoculum size (10%) on biomass, urease activity, specific urease activity of 
initially contaminated MCP-11 culture. The culture was cultivated for over 7 transfers (10%). The 
growth medium consists of 20 g/L YE, 170 mM urea, 0.1mM Ni
2+ and constant pH 9.5. 
 
6.3.4  Enzyme Stability  
In  most  of  cases  it  may  be  desirable  to  store  the  enzyme  for  the  reason  of 
transporting  to  the  construction  site  or  storage.  This  requires  some  level  of 
stability  of  the  enzyme.  To  investigate  the  storage  lifetime  of  urease  enzyme 
produced from the non-sterile cultivation, the previous culture after 7 transfers  
(Figure 6.8) were collected and stored at room temperature (25±1°C) and 4°C 
respectively. The enzyme activity was monitored over 7 days (168 hours).  
The culture stored at 4°C condition had a decrease in urease activity during the 
initial 2 days of storage. Then the urease activity remained relatively stable over 
the following storage period, indicating that it was possible to store the enzyme in 
its unprocessed form for up to 7 days (Figure 6.9A). 
The culture stored at room temperature had a continuous decrease in biomass over 
the  entire  storage  period.  The  urease  activity  and  specific  urease  activity 
significantly decreased to a low level (less than 10%) after the first 2.5 days of 
storage (Figure 6.9B). The decreased urease activity and specific urease activity 
observed at the room temperature condition was likely caused by the lysis of the 
ureolytic bacteria associated with the overgrown of contaminants.  Chapter 6 
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Figure  6.9.  Effect  of  the  temperature  on  the  stability  of  non-sterile  cultivated  culture.  Urease 
activity (ﾡ), specific urease activity (ﾁ) and Biomass (ﾢ) of the culture stored at 4°C (A) and 
room temperature (B) were presented. 
 
6.3.5  Chemostat Cultivation 
It has been established that high pH (9.5) and high concentration of urea (0.17 M) 
enabled stable production of urease activity from batch cultivated MCP-11 strain 
under non-sterile conditions. It is possible that chemostat cultivation of MCP-11 
could also be operated under non-sterile conditions. Key advantages of chemostat 
culture  are  the  ability  to  regulate  cell  density,  maintain  nutrient-limited 
conditions,  and  keep  steady–stage  growth  of  culture  for  extended  periods 
(Shockley et al., 2005).  
In order to test chemostat cultivation, 400 mL of growth medium, inoculated with 
50 mL of pure MCP-11 and equal volume of activated sludge, were cultivated in a 
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stirred glass vessel. After significant urease activity was obtained from the initial 
batch mode, chemostat cultivation was conducted by continuously pumping fresh 
growth medium into the reactor. The growth medium consisted of 20 g/L of YE, 
0.17 M urea, and 0.1 mM NiCl2. The pH of the culture was maintained at 9.5 
through the course of the experiment.  
 
6.3.5.1  Production of Biomass and Urease Activity  
During the initial batch cultivation, an increase in the biomass and urease activity 
was observed. At the end stage of batch cultivation, the urease activity of the 
culture increased to about 30 U/mL, and the specific urease activity was about 8 
U/mg (Figure 6.10). This indicated that ureolytic bacteria had successfully grown 
and been dominant in the culture.  
When operating the reactor as a chemostat culture, urease activity continuously 
decreased to less than 2.5 U/mL while showing a high biomass (3.32 mg/mL, 
OD600=7.5). The reduced specific urease activity observed at the high biomass 
concentrations  could  be  explained  by  the  overgrowth  of  urease  negative 
microorganisms (contaminants), or the repression of urease enzyme expression by 
the accumulated of products, such as NH4
+ that caused urease activity to become 
repressed.  
 
6.3.5.2  Effect of the Stagnant Culture on Active Bacteria  
To investigate if a metabolic product built-up in the chemostat culture resulted in 
repression of urease activity, cells harvested by centrifuge (15000 rpm for 3 min) 
from the batch phase of the chemostat culture with the highest urease activity (10 
hours) were transferred into the supernatant of the stagnant culture (40 hours).  
The new culture was kept at room temperature at unshaken flask. A decrease in 
urease activity (> 65%) and specific urease activity (>60%) was observed (Figure 
6.11), similar to the chemostat culture. The decreased urease activity could be 
caused by the lysis of the ureolytic bacteria or the repressive effect of the products 
in the stagnant culture on the ureolytic bacteria. Chapter 6 
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Figure 6.10. Urease activity, specific urease activity and biomass production during cultivation of 
ureolytic bacteria at pH 9.5 in the presence of 0.17 M urea. 
 
Figure 6.11. Effect of the bio-products in the stagnant culture on urease activity (ﾡ) and specific 
urease activity (ﾁ) of the active bacterial cells harvested from the culture with the highest urease 
activity.  The  active  culture  and  stagnant  culture  were  collected  from  the  previous  chemostat 
culture at time 10 and 40 h respectively.  
6.3.5.3   Effect of NH3/NH4
+ on Active Bacteria  
The  previous  experiment  clearly  demonstrated  that  the  urease  activity  of  the 
active cells, harvested from chemostat culture, decreased after transferring to the 
supernatant  of  the  stagnant  culture.  It  was  then  desirable  to  elucidate  which 
component(s) of the stagnant culture were responsible for the decrease of the high 
urease  activity,  or  whether  it  is  due  to  the  cell  lysis.  The  stagnant  culture 
contained high pH and urea hydrolyzed product (i.e. ammonium). As the pH was 
constant throughout the experiment, it was unlikely to have a repressive effect on 
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urease activity. The possible repressor was ammonium. To test this, the active 
cells  harvested,  as  described  previously,  were  transferred  into  the  solution 
containing  170  mM  of  ammonium  sulphate.  Control  experiment  was  operated 
with deionized (DI) water. pH of both solutions was adjusted to 9.5.  
For the control experiment, the specific urease activity remained relatively stable 
over  the  course  of  the  experiment.  However,  the  urease  activity  decreased  by 
about  40%,  which  could  be  explained  by  the  cells  lysis  and  subsequent 
denaturation  of  the  released  enzyme  (Figure  6.12A).  For  the  test  experiment, 
significant decreases in both urease activity (> 80%) and specific urease activity 
(>65%) were observed (Figure 6.12B). Together Figure 6.12 A and B indicate 
that in the presence of NH3/NH4
+ the decreased urease activity and specific urease 
activity was attributed to the combination of cell lysis and the repressive effect of 
NH3/NH4
+ on ureolytic bacteria.  
 
Figure 6.12. Effect of ammonium/ammonia on the urease activity (ﾡ) and specific urease activity 
(ﾁ) of the active bacterial cells. The active cells were collected from the previous chemostat 
culture  at  time  10  h.  Active  bacterial  cells  were  re-suspended  in  DI  water  (A)  and  170  mM 
ammonium sulphate solution (B). The pH of both solutions were adjusted to 9.5.  
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6.3.5.4  Capacity  for  Restoration  of  Urease  Activity  from  the 
Stagnant Culture by Sub-culture into New Medium 
The previous experiment shows that the urease activity dropped significantly at 
the chemostat cultivation, probably caused by ammonium repressive effect. To 
investigate whether the urease activity could be restored by subculturing into new 
medium with NH3/NH4
+ omission, 10% of the stagnant culture from the previous 
chemostat  (Figure  6.10,  40  hours)  was  inoculated  into  a  batch  fresh  medium, 
which contained 20 g/L YE, 0.17 M urea and 0.1 mM Ni
2+ and constant pH 9.5. 
The urease activity (14 U/mL) and specific urease activity (6 U/mg biomass) of 
the subcultures indicated that the stagnant chemostat culture could be partially 
recovered (Figure 6.13), which was about 50% of the maximum activity that 
obtained  in  the  chemostat  culture.  This  suggested  that  the  fresh  medium  with 
NH3/NH4
+ free had de-repressive effect on the stagnant culture. 
 
Figure 6.13. Effects of consecutive subcultures of stagnant culture into urea YE medium under 
optimum  growth  conditions,  on  urease  activity,  specific  urease  activity,  and  biomass.  Each 
subculture involved transfer of 10% of the stagnant culture taken from the chemostat reactor. The 
pH of the culture was maintained at 9.5,  
 Chapter 6 
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6.4 Discussion 
6.4.1  Selective Growth Condition for Batch Cultivation 
At the batch cultivation on the YE based medium, the addition of contaminants 
would  rapidly  result  in  contamination  and  the  overgrowth  of  urease  negative 
bacteria (Figure 6.2). Although the growth medium contained high alkalinity at 
the beginning (pH 9.25), which could inhibit most of neutrophilic organisms, this 
harsh  condition  turned  moderate  as  the  pH  decreased  to  around  8  during  the 
course of cultivation due to the cells respiration. It should also be considered that 
as well as changing the alkalinity of the environment, lowering the pH also altered 
the speciation of ammonium (more NH4
+/less NH3). The moderate pH associated 
with less free NH3 allowed urease negative bacteria to overgrow. It is in line with 
the  described  observation  of  C.  glutamicum  and  B.subtilis  (urease  negative 
bacteria) growing in ammonium substrate at low pH cultivation condition (Müller 
et al., 2006).   
In addition to constant high alkalinity, the presence of ammonium could provide a 
favorable condition in which the urease activity production was more constant and 
stable than that obtained in the ammonium free condition. The stability of urease 
activity production increased with the concentration of ammonium (Figure 6.3-
Figure  6.6).  However,  none  of  the  conditions  could  sustain  stable  urease 
production over 6 transfers. The decrease in urease activity and specific urease 
activity could be due to: 
•  The MCP-11 was repressed by the presence of ammonium. However, this 
was not likely to occur because the pure MCP-11 had been well cultivated 
in the presence of ammonium at sterile condition (Figure 6.2).  
•  Microorganisms from the activated sludge overgrew in the culture. Those 
microorganisms  may  include  two  types  of  bacteria:  1)  the  alkaliphilic 
bacteria  without  urease  synthesis  system  and  2)  the  urease-producing 
bacteria  while  the  urease  expression  was  repressed  by  the  present 
ammonium. Chapter 6 
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Replacing the ammonium sulphate by urea and lowering the size of inoculum 
from  50%  to  10%  provided  a  more  promising  condition,  in  which  the  urease 
activity of the subculture was high and constant for up to 7 transfers (Figure 6.8). 
No  tendency  of  decrease  in  urease  activity  and  specific  urease  activity  was 
observed. In this case, the constantly high urease activity production could be 
attributed to the following factors: 
•  Urease can be induced to activities that are 5 to 25-fold higher in the 
presence  of  urea,  compared  to  non-induced  level  (Jones  and  Mobley, 
1987; Mobley et al., 1991).  
•  New species with high active ureolytic bacteria had been enriched from 
the activated sludge in the presence of urea. This was likely to occur as 
Al-Thawadi  (2008)  had  successfully  purified  several  ureolytic  bacteria 
from activated sludge.  
•  Urease de-repressed by low NH3/NH4
+ concentrations due to two factors. 
First,  alternative  to  ammonium  sulphate,  urea  was  added  as  substrate. 
Second,  small  size  (10%  volume)  of  previous  mature  culture  was 
transferred into new medium. Those two factors resulted in a subculture 
with  low  NH3/NH4
+  at  the  beginning  of  the  cultivation,  which  could 
diminish the impact of the accumulated NH4
+/NH3 on the subcultures. 
 
6.4.2  Chemostat Cultivation 
Chemostat cultivation on YE medium with urea present resulted in continuous 
decrease  in  urease  activity  and  specific  urease  activity  (Figure  6.10).  This 
suggested that chemostat was not suitable for cultivating MCP-11 strain under 
non-sterile conditions, similar to the result of chemostat cultivation of pure S. 
pasteurii strain (Whiffin, 2004). The stagnant chemostat culture could be partially 
recovered by re-incubating on new medium, and then cultivating as batch mode 
(Figure  6.13).  Therefore,  in  order  to  obtain  sustainable  production  of  urease 
activity  from  non-sterile  cultivation  of  MCP-11,  batch  cultivation  is 
recommended.  Chapter 6 
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The NH4
+/NH3 repressive effect on the urease activity also confirmed that the 
batch cultivation was favorable to obtain high urease activity, as the fresh medium 
did not contain high ammonium at the beginning of each transfer (Figure 6.7 and 
Figure 6.8).  
 
6.4.3  NH3/NH4
+ Repressive Effect  
The ammonium repressive effect on the urease activity production was tested by 
recording  the  urease  activity  of  the  active  cells  after  re-inoculating  in  the 
NH3/NH4
+  rich  solution.  A  continuous  decrease  in  both  urease  activity  and 
specific  urease  activity  was  observed  (Figure  6.12B).  However,  the  harvested 
active cells re-suspended in DI water (pH 9.5) showed a constant specific urease 
activity (Figure 6.12A). This indicated that the high concentration of NH3/NH4
+ 
(340  mM)  was  responsible  for  the  decreased  specific  urease  activity  (Figure 
6.12A and B). The urease activity repression by the NH4
+/NH3 was unexpected, 
and contradicted with the previous observations reported by Al-Thawadi (2008), 
in which the MCP-11 strain can grow on high concentration of ammonium (0.17 
M ammonium sulphate).  
The actual mechanisms of urease production by the mixed culture containing the 
MCP-11 strain and activate sludge microorganisms were complex and not fully 
elucidated in this study. A probable explanation for the NH4
+/NH3 repressive 
effect on the mixed culture is  new  species  of  urease  producing  bacteria 
likely had been enriched from the activated and overgrown in the culture, which 
urease synthesis was dependent on nitrogen regulation. Further investigations are 
required,  such  as  1)  the  development  of  the  MCP-11  population  during  the 
successive batch cultivation, 2) the bacteria that contribute to the urease activity 
production, and 3) urease synthesis as a function of the newly enriched ureolytic 
bacteria. The last question will be investigated in next chapter.  
Despite not fully understanding the urease production of the mixed culture (MCP-
11  and  activated  sludge),  sufficient  urease  activity  (>  10  U/mL)  for 
biocementation (Whiffin, 2004) could still be achieved. This non-sterile growth Chapter 6 
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was considered suitable for large-scale applications of urease in the field, such as 
biocementation.   
 
6.5 Conclusions 
1.  Ureolytic bacteria (MCP-11) can be cultivated via batch mode at non-
sterile condition by providing constant pH (9.5) and high ammonium (> 
0.17 M). Replacement of ammonium by urea sustained the sequencing 
batch culture with more stable high urease activity production. 
2.  The culture obtained from the non-sterile cultivation can be stored in its 
unprocessed form for up to 7 days at 4 °C.  
3.  Chemostat  cultivation  was  not  suitable  for  MCP-11  growth  in  the 
presence of contamination. However, the stagnant chemostat culture can 
be  partially  recovered  by  subculturing  into  new  fresh  medium  then 
cultivating at batch mode.  Chapter 7 
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7  Selective Enrichment and Production of 
Highly Urease Active Bacteria by Non-
sterile Chemostat Culture 
 
 
 
This  chapter  is  to  be  submitted  to  journal  Applied  Microbiology  and 
Biotechnology as Cheng, L., Cord-Ruwisch, R. 2012. Selective enrichment and 
production of highly urease active bacteria by non-sterile chemostat culture. Chapter 7 
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Abstract: 
Bioprocesses can be subdivided into naturally occurring processes, not requiring 
sterility,  such  as  beer  brewing,  wine  making,  lactic  acid  fermentation,  biogas 
digestion.  Other  processes,  such  as  the  production  of  enzymes  and  antibiotics 
typically,  require  a  high  level  of  sterility  to  avoid  contaminant  microbes 
overgrowing the production strain. The current paper describes the sustainable, 
non-sterile production of an industrial enzyme using activated sludge as inoculum.  
By using selective conditions (high pH and high ammonia concentration) for the 
target bacterium plus the presence of urea as the enzyme substrate, highly active 
ureolytic  bacteria,  physiologically  resembling  Bacillus pasteurii  were  enriched 
and continuously produced from chemostat operation of a bioreactor. When using 
a  pH  of  10  and  about  0.2  M  urea  in  a  yeast  extract  based  medium  ureolytic 
bacteria developed under aerobic chemostat operation at hydraulic retention time 
of about 10 h with urease levels of about 60 U/ml culture. The protein rich yeast 
extract  medium  could  be  replaced  by  commercial  milk  powder  or  by  lysed 
activated  sludge,  which  could  make  the  industrial  production  less  costly. 
Glutamate molasses or glucose based medium did not result in the enrichment of 
ureolytic bacteria. Concentrations of the intracellular urease were sufficiently high 
that  the  produced  effluent  from  the  reactor  could  be  used  for  biocementation 
application. 
 
  
 
KEYWORDS: Chemostat, urease, non-sterile, activated sludge, biocementation, 
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7.1 Introduction 
Urease (urea amidohydrolase, EC 3.5.1.15) is a nickel-containing enzyme that 
catalyzes the hydrolysis of urea to carbon dioxide and ammonia. It is synthesized 
by  a  wide  range  of  bacteria,  fungi,  several  species  of  yeast,  and  some  plants 
(Blakeley and Zerner, 1984; Hausinger, 1987). The urease enzyme has been well 
studied  from  a  clinical  perspective  as  it  can  indicate  the  increased  virulence 
properties in pathogenic bacteria (Whiffin, 2004; Collins and D’Orzaio, 1993; Lee 
and Calhoun, 1997; Mobley et al., 1995). 
In recent years, microbial urease has found an increased level of interest for its 
function of inducing CaCO3 precipitation in the presence of Ca
2+ and urea. This 
process is termed microbially induced carbonate precipitation (MICP) and has 
been proposed as a natural method for various applications such as protection of 
decayed ornamental stone (Le Metayer-Levrel et al., 1999), improvement of the 
durability of cementitious materials (Ramachandran et al., 2001; De Muynck et 
al., 2008), bioremediation (Ferris et al., 2003; Fujita et al., 2000;Warren et al., 
2001),  wastewater  treatment  (Hammes  et  al.,  2003)  and  the  removal  of 
contaminants (Fujita et al., 2000; Warren et al., 2001). 
The process of biocementation for the purpose of soil strengthening has been the 
subject of research (Whiffin, 2004; Al-Thawadi, 2008) and has been submitted as 
a patent application (Kucharski et al., 2006). The process is based on the injection 
and immobilization of a suspension of urease positive bacteria followed by the 
injection of cementation solution consisting of high concentrations (1 M) of urea 
and calcium salts. More recent work has established that using simple surface 
percolation  rather  than  pressure  injection  also  results  in  successful 
biocementation,  reaching  unconfined  strengths  (UCS)  levels  of  several  MPa 
(Cheng and Cord-Ruwisch, 2012). 
Pilot scale trials in the 100 m
3 size and some field trials have been carried out 
with this technology (van Paassen et al., 2010b). However, prior to full scale 
usage  on  projects  such  as  soil  liquefaction  or  embankment  stabilization,  an 
economically viable production of the bacteria is necessary. The production of 
urease positive bacteria on a larger scale would become prohibitively expensive if Chapter 7 
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biotechnology processes relying on full process sterility were used, as about 5 m
3 
of bacterial culture has been found to be necessary for 100 m
3 of sand to be 
cemented  to  a  compressive  strength  level  varied  between  0  to  12  MPa  (Van 
Paassen et al., 2010b). However, currently, this large demand of urease is only 
achieved by cultivating urease positive culture under sterile conditions (Whiffin et 
al.,  2007;  DeJong  et  al.,  2006)  to  obtain  a  constantly  high  urease  activity 
production.  Even  slight  contamination  of  the  yeast  extract-based  medium  will 
rapidly result in contamination and the growth of urease negative bacteria. 
Urease activity is widely distributed in soil and aquatic environments, where it 
plays  an  essential  role  in  nitrogen  metabolism  (Bremner  and  Krogeier,  1988). 
Enrichments of urease positive strains from the environments have been studied.  
Fujita et al. (2000) reported that all groundwater samples collected during the 
study  tested  positive  for  urease  activity.  AL-Thawadi  (2008)  successfully 
enriched and isolated several ureolytic strains from soil and secondary activated 
sludge by providing selective conditions (high pH, presence of urea up to 5 M). 
Two types of urease positive bacterial strains were isolated from highly alkaline 
cement samples (Varenyam et al., 2010).  
The  production  of  urease  positive  bacteria  for  the  purpose  of  in-situ 
biocementation or other MICP applications represents a major cost factor. This 
may limit the commercialization of the technology. The key reason for the high 
cost  is  the  labor  /  energy  /  equipment  /  and  transport  costs  involved  when 
producing the bacteria by a biotechnology company, and the cost of growth media 
sterilization is in the order of A$0.46 – 0.66 per L (Whiffin, 2004). Thus, the 
ability to cultivate the organism with a high level of urease activity, under non-
sterile  conditions  is  highly  desirable  to  minimize  costs  and  enable  on-site 
production. 
As  ureolytic  bacteria  can  be  enriched  from  the  environments  under  certain 
selective  conditions,  it  is  fair  to  assume  that  non-sterile  cultivation  of  urease 
positive microorganisms should be feasible. Urease activity of S. pasteurii was 
not impaired by up to 50% (w/w) of contaminants after 48 hours of incubation 
(Whiffin, 2004). However, long term cultivation of ureolytic bacteria in selective 
enrichment under non-sterile condition has not been established.  Chapter 7 
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The aim of this paper is to make use of the natural capacity of the highly urease 
active alkalophiles of the type of S. pasteurii to thrive in conditions that are toxic 
to  most  other  bacteria,  namely  the  presence  of  high  concentrations  of  free 
ammonia (NH3), and to develop a selective enrichment and a production method 
for bacterial urease. 
 
7.2 Materials and Methods 
7.2.1  Enrichments of Urease Positive Microorganisms 
For the enrichment of urease positive bacteria from activated sludge (5 g/L, dry 
weight),  collected  from  Woodman  Point  wastewater  treatment  plant,  Western 
Australia), 10% (v/v) of the activated sludge was placed in 90 mL of growth 
media  (250  mL  shaking  flasks),  consisting  of  20  g/L  YE  (AR  grade,  Becton 
Dickinson), 0-0.17 M ammonium sulphate (AR grade, Chem-Supply), 0-0.17 M 
urea  (AR  grade,  Chem-Supply)  and  0.1  mM  NiCl2·6H2O  (AR  grade,  Chem-
Supply). All flasks were incubated in a water-bath at 28±1 °C with shaking speed 
of 180 rpm.  pH of the enrichments was automatically monitored and controlled at 
a desired set-point by a computer. The pH control was regulated using Labview 
software  (National  Instruments  Labview  (Version  7.2))  and  a  Labjack  data 
acquisition card (U12, Labjack Corporation). 
 
7.2.2  Chemostat Cultivation 
A chemostat was set-up consisting of a 1 L stirred glass bioreactor with 0.5 L 
operating volume. After inoculation with 10% (v/v) of activated sludge the culture 
was maintained as a batch until the urease activity was about 5 U/mL. In this 
study,  one  unit  of  urease  activity  was  defined  as  the  amount  of  enzyme  that 
hydrolyzed 1 µmol urea per min at 298K (1U=1 µmol/min). Then fresh medium 
was pumped continuously to the reactor from a 2 L feed vessel. A predetermined 
hydraulic retention time of around 10 hours was established by using calibrated 
peristaltic  pumps.  The  stirring  speed  was  set  at  400  rpm  and  an  air  pump  (1 Chapter 7 
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L/min) was connected to the reactor. This resulted in a specific mass transfer 
coefficient (kLa) of about 60 h
-1. The air pump was controlled by using simple on-
off controller implemented by the LabView controlled computer, resulting in an 
oxygen  steady  state  concentration  between  5  and  6  mg/L  as  monitored  by  a 
polarographic oxygen electrode (Mettler-Toledo, Ltd).  The pH of the reactor was 
also controlled to the set-point via automatically adding HCl (2 M) or NaOH (10 
M) dosing. During the cultivation, the culture temperature was kept constant at 
28±1°C.  The  produced  culture  was  tested  regularly  for  urease  activity  and 
biomass concentration.  
7.2.3  Organic  Substrates  Used  for  Chemostat 
Cultivation  
In this study, several organic substrates were used for the chemostat cultivation 
(Table  7.1)  to  test  the  effect  of  feed  composition  on  the  urease  activity 
production.  Through  the  course  of  the  experiment,  the  pH  of  the  reactor  was 
maintained at 10 and the dissolved oxygen level at steady stage varied between 5 
to 6 mg/L. For each organic substrate, the chemostat was continuously operated 
for at least 10 hydraulic retention times. The concentrations of different substrates 
of the medium tested in this chapter were stated in the result section.   
Table 7.1. Organic substrates for chemostat cultivation of urease positive microorganisms under 
non-sterile condition.  
Organic 
substrates  Characteristics  Protein 
Content 
Cost 
*(AU$ per kg) 
Manufacturer 
Yeast 
Extract 
Water soluble fraction of auto-
lysed yeast cells. 
66% 
(Whiffin 2004) 
192 
(Becton Dickinson) 
Sodium 
Acetate 
Simple organic substrate as 
carbon and energy source  0%  16.2 
(Chem-Supply Pty.) 
Milk 
Powder  Partially soluble  25% 
minimum 
10 
(Nestle) 
Activated 
Sludge 
Concentrated (8 g/L), non-lysed 
bacterial biomass. 
55% 
(Whiffin 2004) 
Free (Wastewater 
treatment plants) 
Sodium 
glutamate 
Monosodium salt of glutamic 
acid.  0%  94 
(Sigma-Aldrich) 
Glucose  Simple sugar  0%  82 
(Sigma-Aldrich) 
Molasses 
Inexpensive carbohydrate by-
product from sugar (sugarcane) 
production. 
0%  0.065-0.075 
(Feed Man) Chapter 7 
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It  should  be  noted  that  the  concentrated  activated  sludge  (8  g/L,  dry  weight) 
provided as feed was largely comprised of whole cells, which were inaccessible as 
a feed-supply to the enriched culture. Initial attempts to lyse the bacterial cells of 
the activated sludge were made by exposing them to high alkalinity (pH=12.5) 
and  high  ammonium  (ammonium  sulphate=  0.085  M)  for  24  hours.  Then  the 
lysed activated sludge was fed into the chemostat reactor directly.  
 
7.2.4  Monitoring Methods 
7.2.4.1  Biomass Measurement (OD600) 
Biomass concentration was recorded as dry weight per volume. Because of the 
good  correlation  between  biomass  concentration  and  optical  density  (Eqn.  1), 
routine  biomass  monitoring  was  carried  out  by  optical  density  measurements 
using a spectrophotometer. Wavelength was set at 600 nm and deionized (DI) 
water was used as blank.  All samples were diluted to a range of 0.2 to 1 of 
absorbance prior to measuring. 
A  correlation  of  biomass  concentration  (dry  weight)  and  optical  density  was 
established (Appendix H) and expressed as the following equation: 
[7.1]  C (biomass concentration, g/L)= 0.4433* OD (600 nm)  (R
2=0.998)    
7.2.4.2  Urease Activity 
The  rate  of  urea  hydrolysis  was  determined  by  a  conductivity  method.  Under 
standard  condition  (1  atm,  298K),  the  conductivity  is  proportional  to  the 
concentration of ammonium carbonate that is released from the hydrolysis of urea 
by the urease enzyme. The urease activity can be determined from the rate of 
change of conductivity as it causes in a conversion of non-ionic substrates (urea) 
to ionic products (NH4
+ and CO3
2-) (Whiffin, 2004). 1 mL of bacterial suspension 
collected from culture was added to 5 mL of 3 M urea and 4 mL of DI water and 
the relative conductivity change was recorded over 5 min at 25
o C. According to 
Whiffin  (2004),  1  mS/cm/min  corresponds  to  11.11  mM  urea/min.  1  mM 
urea/min in 10 mL culture, which is the measuring volume, equals to 10 µmol Chapter 7 
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urea/min, therefore, 1 mM urea/min equals 10 U.  
To  discriminate  between  intracellular  urease  and  soluble  urease,  the  urease 
activity was also determined in cell-free supernatants. Soluble urease activity was 
used as an indicator of cell lysis of urease active cells and was determined by 
taking 1 ml of supernatant from the centrifuged culture (15000 rpm for 5 min) and 
measuring the urease activity by the previously described method for bacterial 
suspension.  Specific  urease  activity  was  defined  as  the  urease  activity  (minus 
supernatant urease activity) per milligram of biomass. To eliminate the effect of 
pH on the urease activity (Whiffin, 2004), all samples were adjusted to pH 9 by 
adding 1 M HCl prior to the activity measurement. 
 
7.3 Results  
7.3.1  Enrichments  of  Urease  Activity  Produced  from 
Activated Sludge 
Biotic urease activity is widely distributed in the environment, e.g. soil, activated 
sludge, aquatic environments (Al-Thawadi, 2008; Lenhard, 1967), and includes 
the action of bacteria, yeasts, algae, and a number of higher plants including jack 
beans, soybean, pigweed and mulberry. In this paper, activated sludge was used as 
inoculum  under  various  conditions  (Figure  7.1)  to  enrich  for  urease  active 
bacteria. High concentrations of ammonium or the ammonium precursor urea and 
a high pH were used in the enrichments to favor the development of alkalophylic 
ureolytic bacteria. The pH, urea and ammonia concentrations of the enrichments 
were set as shown in Figure 7.1. 
A series of batch enrichments was set up with activated sludge as the inoculum 
(10%). After 36 h of incubation in the presence of ammonium sulphate at pH 9.5 
the  activated  sludge  had  produced  4 U/mL  of  urease  activity  (Figure  7.1, 
enrichment  2),  while  no  significant  activity  was  obtained  in  the  absence  of 
ammonium sulphate, even when urea was present instead (Figure 7.1, enrichment 
3). This suggests that the ammonium sulphate was crucial for heightening the Chapter 7 
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growth  of  ureolytic  bacteria  and  suppressing  the  urease-negative  bacteria. 
Furthermore,  the  highest  urease  activity  (11  U/mL)  was  achieved  with  urea 
addition in the presence of ammonium (Figure 7.1, enrichment 4). As a potential 
“inducer” of the urease enzyme, urea can promote urease activity 5 to 25 times 
higher compared to that of the non-induced enzyme (Jones and Mobley, 1987; 
Mobley et al., 1991). 
There was no detectable urease activity in the enrichment with uncontrolled pH 
(Figure 7.1, enrichment 1) in which the pH decreased from 9.5 to 8 throughout 
cultivation. In turn this decreases the free NH3 concentration in the enrichment, 
allowing urease-negative bacteria to overgrow, similar to the C. glutamicum and 
and B. subtilis grown in ammonium substrate at low pH (Müller et al., 2006). 
 
Figure 7.1. Effect of ingredients of enrichments on urease activity and biomass production after 36 
hours of cultivation. These enrichments were inoculated with 10% (v/v) of activated sludge and 
incubated for 36 hours at 28°C.  0.17 M of urea and/or ammonium sulfate (AS) was added where 
indicated. Initial pH was controlled at 9.5 (except for the enrichment 1, in which it was allowed to 
drift to about 8). All enrichments contained 20 g/L YE and 0.1 mM NiCl2. 
 
7.3.2  Continuously Producing Urease Activity 
Instead  of  batch  cultivation,  chemostat  cultivation  can  enable  the  continued 
selection of the most adapted organisms, further it enables constant and well-
controlled process conditions such as pH and ammonia levels. 
In order to achieve the goal of constantly producing urease activity under non-
sterile conditions, the most promising selective enrichment conditions from the 
0 
2 
4 
6 
8 
10 
12 
1 (AS)  2 (AS)  3 (UREA)  4 (AS+UREA) 
B
i
o
m
a
s
s
 
(
O
D
6
0
0
)
 
U
r
e
a
s
e
 
A
c
t
i
v
i
t
y
 
(
U
/
m
L
)
 
Enrichment No. 
Biomass  
Urease Activity Chapter 7 
9  144 
batch experiment (0.17 M urea and ammonium and 20 g/L YE) were applied to 
chemostat enrichment. After an initial batch culture at pH 9.5 higher pH levels 
were tested in order to suppress undesired non-alkaliphilic contaminants (Figure 
7.2). In theory, the doubling time of 5 h, estimated from enrichment cultures (data 
not shown), would allow hydraulic retention times (HRT) of 5 h in the chemostat. 
To allow for slower growing bacteria under more extreme conditions (high pH) 
the HRT was selected to be 10 h. 
Chemostat  cultivation  at  a  controlled  pH  of  9.5  did  not  maintain  the  urease 
activity  level  that  developed  during  the  batch  growth.  Urease  continuously 
declined, while the biomass continuously increased to 7.5 (OD600) (Figure 7.2A). 
This  obvious  overgrowing  of  urease  active  bacteria  by  non-urease  active 
contaminants is consistent with the observation that the urease active P.vulgaris 
growth was overgrown by under non-sterilized chemostat cultivation (Whiffin, 
2004). Creating “harsher” conditions by increasing the pH set-point from 9.5 to 
9.75 could prolong the steady stage of urease activity under chemostat production 
for up to 20 hours. However, a similar tendency of decrease in urease activity was 
observed  after  this  20  hours  steady  stage  (Figure  7.2B).  Doubling  urea 
concentration (0.34 M) in the feedstock was not favorable for the recovery of the 
stagnation in urease activity.  
In an attempt to make conditions even harsher and possibly more selective for 
alkaliphilic urease active bacteria a pH of 10 was chosen for chemostat operation 
(Figure 7.2C). In contrast to the previous trials (Figure 7.2A and Figure 7.2B) 
operation at pH 10 resulted in an immediate and sustained drop in overall biomass 
level. Specific biomass selection possibly occurred immediately after raising the 
pH to 10, resulting in the elimination of growth of urease negative strains in the 
harsh condition. At the same time, operation at pH 10 could achieve a longer 
period of high urease activity production (>10 U/mL) of more than 140 hours. 
This  shows  that  the  conditions  used  were  selective  for  urease  active 
microorganisms. The result of the chemostat experiments show that a bacterial 
culture high in urease activity could be developed and sustained by maintaining a 
pH of 10 in the presence of 340 mM of NH4
+/NH3 (produced from urea addition) 
(Figure 7.2). Chapter 7 
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Figure 7.2. Urease activity (u), specific urease activity (✕) and biomass (▲) of activated sludge 
under continuous chemostat cultivation inoculated with 10% activated sludge. For batch growth 
the medium consisted of 20 g/L YE, 0.17 M ammonium sulphate, 0.17 M urea and 0.1 mM Ni
2+. 
For chemostat growth, ammonium sulphate was omitted from the medium. The pH of culture for 
batch growth was set at 9.5. For chemostat cultivation the pH of the culture was maintained at 9.5 
(A), 9.75 (B) and 10 (C) respectively.  Hydraulic retention time was 10 h. 
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7.3.3  Optimization  of  Urease  Activity  Productivity  and 
Yield in YE medium 
7.3.3.1  Effect of YE Concentration  
To quantify the requirement of the costly YE in the medium, the strains were 
continuously cultivated in the presence of acetate as energy and carbon source, 
with  varying  concentrations  of  YE  (Table  7.2).  There  was  no  growth  in  the 
absence of YE, showing that YE is essential. The biomass concentration increased 
with YE, which indicated that the limited presence of YE was growth limiting in 
this  culture.  With  the  biomass,  the  urease  level  increased  approximately 
proportionally,  resulting  in  a  constant  specific  activity.  Hence  for  maximum 
productivity the highest YE concentration should be used.    
 
7.3.3.2  Effect of Sodium Acetate Concentration 
Whiffin (2004) reported that the presence of acetate (sodium acetate) enhanced 
the total urease activity of a culture of S.pasteurii by promoting more bacterial 
growth,  keeping  the  specific  activity  at  a  similar  level.  By  contrast,  in  our 
experiments the presence of similar concentrations of acetate (up to 20 g/L) did 
not enhance growth but increased the specific activity of the culture (Table 7.2). 
This phenomenon was observed both in batch (data not shown) and chemostat 
cultures.  By  combining  the  optimum  YE  and  acetate  concentrations  a  urease 
activity of 58 U/mL was obtained by the enrichment culture described which is 
about 3 times higher than results described for pure culture at stationary phase 
(Whiffin 2004; Al-Thawadi 2008). 
 
7.3.4  Economic  Substrates  for  Growth  of  Ureolytic 
Bacteria 
For large scale and economic cultivation of bacteria, complex media are used and 
often  consist  of  waste  or  by-products  from  the  food  or  agricultural  industries Chapter 7 
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(Prescott et al., 1993; Chaplin and Bucke, 1990). Several alternative substrates, 
including  inexpensive  protein  and  carbohydrate  sources,  were  investigated  to 
replace laboratory grade YE (Table 7.2). The effect of alternative substrates was 
tested by operating the chemostat continuously for at least 10 hydraulic retention 
times using the previously urease active bacteria enriched on YE-based medium 
(40 g/L YE and 20 g/L acetate, Table 7.2) as inoculum. 
Two of the alternative economic feed sources (milk powder and activated sludge) 
largely comprised of proteins and are hence potentially suitable substrate for YE 
degrading  bacteria.  Milk  powder,  the  partly  water-soluble  substrate,  also 
supported the growth of urease active bacteria but only produced 16.7 U/mL, 
which is 3 times less than the activity obtained in YE medium. However, the cost 
of producing the same amount of urease activity with milk powder was about 65% 
less than using the laboratory grade YE medium (Table 7.2). 
Activated  sludge  obtained  from  a  local  wastewater  treatment  plant,  consists 
largely of aerobic bacteria grown on biological oxygen demand (BOD) during 
secondary  wastewater  treatment.  It  is  in  principle  available  at  no  cost.  In  the 
current study, activated sludge was exposed to pH 12.5 in the presence of 85 mM 
ammonium sulphate for 24 hours. The 24 hours extraction procedure produced an 
extract that sustained a urease activity of similar yield efficiency as milk powder 
(Table 7.2). The milk powder and lysed activated sludge significantly reduced the 
cost (Table 7.2) of production of the same amount of urease activity compared to 
that  obtained  in  YE  medium.  Therefore  they  may  be  considered  as  potential 
economical industrial substrate for large-scale production of urease activity.  
If the lower graded substrates lead to a reduction in the reproducibility of the 
process, using a more expensive medium of reproducible composition may be 
more  cost-effective.  Therefore,  it  is  worthwhile  to  investigate  a  well-defined 
medium. A chemically defined medium for the growth of an ureolytic strain of S. 
faecium has been reported (Cook, 1976), showing that the growth of S. faecium 
was dependent on a mixture of amino acids. In the study, presented here, glutamic 
acid (added as monosodium glutamate (MSG)) was tested, as it is the principal 
component (more than 9%) of the YE. The result clearly demonstrated that it did 
not  sustain  the  growth  (Table  7.2).  Further  investigation  of  ureolytic  bacteria Chapter 7 
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growth  on  other  amino  acids  may  be  worthwhile  investigating.  Two  of  the 
carbohydrate sources sugar cane molasses and glucose were tested and found to 
be inaccessible to the aerobically growing ureolytic bacteria (Table 7.2). 
Table 7.2. Summary of the urease activity yield and the cost for producing urease activity (1000 
U)  with  different  organic  sources.  The  average  values  of  urease  activity  and  biomass  were 
presented when the chemostat cultures with different organic sources reached steady state. 0.17 M 
of urea and 0.1 mM NiCl2 were present in all media and pH of the culture was maintained at 10 
throughout the experiment. 
Substrates (g/L)  Biomass 
(g/L) 
UA 
(U/mL) 
SUA 
(U/mg 
biomass) 
Yield efficiency  
(U/g organic 
substrates) 
Cost per 
1000U* 
(AU$) 
YE Medium 
YE (0) 
SA 
(40) 
0.13  1.6  12.1  40 
Optimum
: 0.14 
YE (5)  0.87  12.4  14.2  275 
YE (10)  1.14  15.5  13.6  310 
YE (20)  1.42  19.1  13.4  320 
YE (40) 
SA (0)  3.90  26.3  6.8  657 
SA (10)  3.90  49.3  12.6  986 
SA (20)  3.77  58.2  15.5  970 
SA (40)  3.72  58.1  15.7  726 
Alternative Organic Medium 
Milk Powder 
(40) 
SA 
(10) 
n/a  16.7  n/a  280  0.05 
Activated 
Sludge (8)  n/a  8.8  n/a  267  0.05 
MSG (10)  0.14  0.39  2.8  13  - 
Glucose (20)  0.09  0.5  1.1  13  - 
Molasses (20)  n/a  0  n/a  0  - 
1000 U*: All costs are given in Australian dollars (AU$). The costs (AU$/g) of each ingredient: YE (0.192), sodium acetate (0.0162), urea (0.028), 
milk powder (0.01) and activated sludge (free). 
YE: yeast extract; SA: sodium acetate; UA: urease activity (average urease activity at steady stage); SUA: specific urease activity 
n/a: Not applicable, Biomass measurement is not applicable because of the medium interfering with the OD measurement.  
 
7.3.5  Essential Factors for Stable Production of Urease 
Activity and Robustness of the Chemostat Culture 
7.3.5.1  Maintaining pH at 10   
The chemostat culture (pH 10, 0.17 M urea and 40g/L YE) had been successfully 
operated for more than 700 hours. However, a significant decrease in both of 
biomass and specific urease activity was observed after the pH of the mature 
culture decreased to 9.5 (Figure 7.3A). This indicated that maintaining pH at 10 Chapter 7 
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during cultivation was essential for maintaining a population with high urease 
activity. 
The increased supernatant urease activity at lower pH (Figure 7.3A, until 80 h) 
also revealed that urease enzyme was released from the cells, which is likely due 
to the bacterial cells lysis.  Increasing pH to 9.8 did not recover the declined 
urease activity but enhanced biomass growth, indicating that the development of 
non-urease active contaminants occurred.   
Only an increase in pH to 10 allowed significant improvement in specific urease 
activity and a complete recovery of the urease activity to 60 U/min (Figure 7.3A), 
showing that urease active bacteria were again selectively enriched. As long as the 
pH was maintained at about 10, the chemostat consistently produced high levels 
of urease activity (Figure 7.3A) in excess of 10 days (data not shown). 
 
7.3.5.2  Addition  of  Urea  was  Essential  for  the  Production  of 
Ureolytic Bacteria 
The urea, once introduced into the chemostat reactor, will be rapidly hydrolyzed 
to NH3 and CO2. To test whether urea, rather than other ammonium sources, is 
essential for bacterial growth and the production of urease activity, the culture 
was  grown  with  addition  of  ammonium  sulphate  or  ammonium  hydroxide 
solution. 
Despite the introduction of the two alternate ammonium sources, urease activity 
and biomass decreased immediately, reaching values of 1.7-10 U/mL and 0.8-2.36 
(OD600) respectively (depending on the ammonium sources) (Figure 7.3B). The 
activity of the culture recovered after subjecting it to urea again, suggesting that 
the enriched ureolytic bacteria culture will only grow and synthesize the urease 
enzyme in the presence of urea and the addition of ammonium to the medium 
could not replace urea.  
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Figure 7.3. Effect of pH (A) and ammonium source (B and C) on biomass (▲), urease activity 
(u), specific urease activity (✕), and supernatant urease activity (■) of the culture under the 
chemostat cultivation. Before these trials the chemostat had been operated for more than 700 hours 
at pH 10 with continuous feed containing 0.17 M urea, 40 g/L of YE, 20 g/L of sodium acetate, 
and 0.1 mM Ni
2+.  
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An  increase  in  specific  urease  activity  with  urea  was  also  observed  and  a 
concentration-dependent  effect  was  evident  (Figure  7.3B),  suggesting  that  the 
urease enzyme was significantly induced in the presence of urea (Figure 7.3C), 
similar as Proteus and Providencia species, which have been reported to induce 
urease with urea (Rosentein et al., 1981; Mörsdorfand and Kaltwasser, 1989).  
When both urea and ammonium were omitted biomass concentration increased to 
about 50% while the total urease activity decreased more than 50%. The resulting 
decrease in specific urease activity (Figure 7.3C) by about 75% indicates that 
urease negative bacteria had developed. 
 
 
7.3.6  Comparison  of  Specific  Urease  Activity  and 
Bacterial Types Observed 
The level of activity produced from the enriched culture described here compares 
with the activities described for pure cultures from literatures (Figure 7.4).  
 
Figure 7.4. Comparison of urease activities of currently enriched culture with that of other urease 
positive organisms (after Whiffin, 2004). Bars indicate the urease activity under normal conditions 
of growth.  Error bars indicate the reported variable range of urease activity. The reported urease 
activities for organisms were converted from activity per mg of protein to activity per mg of dry 
cell weight according to the general protein content of prokaryotic organisms of 55% (Madigan et 
al., 2000). Specific urease activity of jack bean was reported as urease activity per mg of jack 
bean. Activities were sourced from: (1) (Young et al., 1996); (2) (Whiffin, 2004); (3) (Weber et al., 
2008); (4) the present study; (5) (Neyrolles et al., 1996); (6) (Lee and Calhoun, 1997); (7) (Hansen 
and Solnik, 2001). 
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Microscopic  investigation  of  the  chemostat  enrichments  showed  rod  shaped 
spore-forming bacteria of a length of about 2 µm which is consistent with the 
description of Sporosarcina pasteurii, isolated by Al-Thawadi and Cord-Ruwisch 
(2012) from selective batch enrichments. The isolation of the pure culture and its 
characterization and identification is in progress but is beyond the scope of this 
article. 
 
7.3.7  Reproducibility 
The observation that by controlling chemostat conditions in terms of pH, urea and 
ammonia, ureolytic bacteria could be selectively enriched and maintained could 
be quite useful for the economic production urease for industrial applications such 
as biocementation (Cheng and Cord-Ruwsich, 2012; AL-Thawadi et al., 2012; 
van Paassen et al., 2009a; van Paassen et al., 2010b). Before it can be used in 
industry the reproducibility of this selective enrichment must be demonstrated. 
The reproducibility of the technique described in this study has been tested by 
restarting a number of independent chemostat cultivations with activated sludge 
as the sole inoculum (Table 7.3). In all cases a maximum urease activity of at least 
40  U/mL  was  obtained,  which  is  sufficient  for  direct  application  in 
biocementation (Whiffin 2004). As long as the pH was maintained at 10 this high 
level of urease activity could be maintained (Table 7.3) for more than one week, 
which could be considered a sustainable equilibrium. At a pH of 9.5 the high 
urease  activity  could  not  be  maintained  resulting  in  non-ureolytic  bacteria 
overgrowing  the  ureolytic  strains.  Together  these  trials  demonstrate  the 
reproducibility of this technique, allowing the selective continuous production of 
high concentrations of urease from activated sludge in a chemostat culture.  This 
should  enable  the  on-site  production  of  urease  from  local  bacteria  with  low 
technology.  
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Table 7.3. Selective production of ureolytic bacteria from activated sludge by sustainable open 
chemostat culture. (Cultivation conditions: growth medium consisted of 40 g/L yeast extract, 10 
g/L sodium acetate, 0.17 M urea, and 0.1 mM Ni
2+, dissolved oxygen level varied between 5 to 6 
mg/L at steady stage, and HRT=10 hours). 
Trials  Culture pH 
Cultivation period 
(day) 
Maximum urease 
activity (U/mL) 
Stable urease 
activity (U/mL) 
1  10  9  55  51± 0.9 
2  10  8  45.8  40.5± 1.5 
3  10  8  53.4  46.2 ± 1 
4  9.5  7  42.7  2.5± 0.3 
 
 
7.4 Discussion 
This work demonstrated an example bioprocess that leads to the production of a 
specific enzyme by using an open process under continuous non-sterile operation. 
Non-sterile growth and maintenance of bacteria has been widely used in industry 
processes, such as wastewater treatment, bio-fuel production, biogas production, 
etc., where specific bacteria were selectively grown and dominated in the mixed 
biomass by feeding with particular substrates. In this study, a method is described 
that  allowed  the  production  of  the  ureolytic  bacteria  from  enriched  activated 
sludge under non-sterile conditions. The selective conditions for the enrichment of 
the urease positive bacteria included a high pH of 10, and high concentrations of 
urea as substrate and its hydrolysis product ammonia, to control the excessive 
growth of contaminants. The same growth conditions also allowed the production 
of the ureolytic bacteria from a soil sample (Appendix I).  
 
7.4.1  Effect  of  NH3  on  selectively  Enriching  Ureolytic 
Bacteria  
More than 50% of total ammonium (NH4
+) converted to free ammonia (NH3) in 
the presence of high pH (>9.25). The toxicity of a high concentration of free NH3 
to cells is a well-known cytotoxic effect (Müller et al., 2006; Hess et al., 2006). Chapter 7 
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However,  for  ureolytic  bacteria,  the  NH3  molecules  migrate  through  the  cells 
membrane via passive diffusion, and speciates into NH4
+ ions due to the moderate 
cytoplasmic pH (Padan et al., 1976; Booth, 1985). Then the efflux of intracellular 
cations (NH4
+) other than H
+ can result in an increased ΔΨ (membrane potential), 
which  drives  the  influx  of  protons  into  the  cells,  resulting  in  ATP  generation 
(Jahns,  1996).  Therefore  the  presence  of  high  concentrations  of  NH3  could 
selectively enrich for ureolytic bacteria (urease active bacteria) while inhibiting 
urease-negative strains. 
 
7.4.2  Nutrient for Enrichment of Ureolytic Bacteria  
The  cost  of  laboratory  grade  media  is  prohibitively  expensive  for  large  scale 
cultivations of microorganisms. Inexpensive substrates such as corn steep liquor 
and Vegemite have been used for the S. pasteurii cultivation (Achal et al., 2010; 
Whiffin, 2004). The nutritional profile for the current ureolytic bacteria enriched 
in  this  study  indicated  a  high  preference  for  protein-based  media.  Thus  the 
required media must have high available protein content. A 65% reduction in 
medium costs was achieved by substitution of laboratory grade YE with milk 
powder or lysed activated sludge.  
Along  with  this  cost  savings,  lysed  activated  sludge  containing  also  required 
additional  processing  in  order  to  release  the  proteins  from  the  cells.  Alkaline 
extraction has been shown to be a useful method to prepare wet activated sludge 
as  a  substrate  for  bioprocesses  (McSwain  et  al.,  2005;  Sheng  et  al.,  2005). 
However such processes require the addition of additional chemicals. In this study 
the additional costs normally arising from chemical hydrolysis could be partly 
avoided  by  using  chemicals,  namely  ammonia  and  sodium  hydroxide  that  are 
required  anyway  for  effective  urease  production.  Such  conditions  induce  cell 
swelling and lysing, due to the osmotic pressure (Shilo, 1962).  
Although the lysed activated sludge has been demonstrated to be able to sustain 
the growth of the enriched urease positive bacteria, the urease activity production 
was relatively low (Table 7.2), which was likely a result of low protein content (< Chapter 7 
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5 g/L) in the lysate. The question of whether the lysate from highly concentrated 
activated sludge can enable higher urease activities in the selective enrichment is 
worthwhile to be investigated in future. 
  
7.4.3  Effect of Urea on Enrichment of Ureolytic Bacteria  
It is interesting to note that the current enriched ureolytic bacteria will only grow 
and produce the urease enzyme in the presence of urea. This suggests that in 
contrast  to  previously  described  urease  active  bacteria  (Whiffin,  2004;  Al-
Thawadi, 2008) the enriched strains here were dependent on the presence of urea 
for  both,  the  production  of  urease  activity  but  also  for  cell  growth.  Several 
microorganisms among them Sporosarcina pasteurii are believed to be able to 
produce ATP through urea hydrolysis (Mobley and Hausinger, 1989). Apart from 
ATP generation, for Proteus vulgaris (soil-inhabiting organism), ammonium from 
the urea hydrolysis can be directly assimilated into biomass via the glutamine 
synthetase-glutamate  synthase  (GS-GOGAT)  pathway  or  by  the  action  of 
glutamate dehydrogenase (GDH) (Tyler, 1978).  
 
7.4.4  Industrial Applications 
The described, specific continuous non-sterile production of ureolytic bacteria by 
chemostat can be upscaled to enable large-scale production of urease similar to 
other  non-sterile  processes  such  as  anaerobic  digestion,  wine  making  and 
activated sludge processes. This would be useful for large-scale applications of 
urease  in  the  field,  such  as  biocementation,  where  approximately  1000  m
3  of 
gravel soils was stabilized by microbially induced calcium carbonate precipitation 
via ureolytic bacteria (van der Star et al., 2011). 
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7.5 Conclusions 
•  High urease activity was reproducibly produced under batch conditions 
from activated sludge in the presence of high alkalinity (constant pH=9.5), 
urea (0.17 M) and ammonium sulphate (0.17 M). 
•  The continuous production of high levels of urease was achieved for more 
than 1600 hours by operating under non-sterile chemostat conditions. This 
non-sterile  chemostat  cultivation  system  is  robust  and  recoverable,  and 
highly resistant to contaminations by providing the right selective growth 
conditions, including precise pH control (pH 10) and urea addition (up to 
340 mM).  Chapter 8 
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8  Cementation of Sand Soil by Microbially 
Induced Calcite Precipitation via In-situ 
Growth of Ureolyic Bacteria 
Abstract 
The  possibility  of  using  the  microbiological  process,  known  as  microbially 
induced carbonate precipitation (MICP), to improve the mechanical properties of 
soil has gained attention over recent years. This study has presented an innovative 
MICP technology involving in-situ cultivation of aerobic ureolytic bacteria and 
surface percolation of cementation solution (Urea/CaCl2). 
By using selective conditions (high pH of 10 and high urea concentrations of 0.17 
M) for the growth of aerobic ureolytic bacteria, highly active ureolytic bacteria 
could  be  cultivated  in-situ  in  unsaturated  sand  columns  in  the  presence  of 
contaminants  (urease  negative  bacteria).  The  in-situ  cultivated  urease  activity 
could  trigger  non-clogged  cementation  over  the  entire  1  m  sand  column  with 
unconfined compressive strength varying between 643 to 1256 kPa. The strength 
results also indicated that a lower water content during the percolation of  the 
cementation solution enabled the formation of more effective crystals leading to 
greater strength/mass of calcite precipitated such as observed in the top layer of 
tested soil columns.  Chapter 8 
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8.1 Introduction 
Biologically introduced carbonate precipitation (MICP) of CaCO3 (biocement) in 
soils is of particular interest to engineers and microbiologists as a method to alter 
soil  characteristics.  Biocement  provides  advantages  over  currently  existing 
technologies  in  that  it  could  offer  a  significant  strength  improvement,  while 
keeping high permeability of the consolidated material (Whiffin et al., 2007; van 
Paassen et al., 2010b; DeJong et al., 2011). Further, the application of in-situ 
stabilization alleviates the need for removal of existing material, mixing with a 
cementing agent and replacing it.   
Existing technology using biocement for stabilizing soils is based on injecting 
urease positive microorganisms such as Sporosarcina pasteurii (formerly known 
as  Bacillus pasteurii)  into  soil  followed  by  cementation  solution  (CaCl2/urea) 
(Whiffin  2004;  DeJong  et  al.,  2006;  Whiffin  et  al.,  2007;  van  Paassen  et  al., 
2010b). The feasibility of biocementation does not depend on technical factors 
alone, but involves economical and legislative issues as well (van Paassen, 2009). 
The  cost  of  required  substrates  and  growing  bacteria  on-site  affects  the 
commercial potential. Making use of indigenous microbial population, growing 
urease positive microorganisms under non-sterile conditions, and the use of waste 
products from other industries as substrates have been established (Chapter 7, Gat 
et  al.,  2011).  All  these  innovations  improve  the  economic  feasibility  of 
biocementation applications..  
To apply biocement in field, rather than injecting MICP solution into soil to reach 
a saturated condition, a surface percolation method of “spraying” or “trickling” 
MICP  solution  onto  unsaturated  soil  has  been  established  (Cheng  and  Cord-
Ruwisch,  2012;  and  Chapter  4).  Common  obstacles  to  these  approaches  are 
clogging of the soil pore spaces near the injection point and uneven distribution of 
bacteria  and  calcite.  These  obstacles  are  most  likely  a  result  of  non-uniform 
transport  of  bacteria  and  non-uniform  attachment  of  bacteria  to  soil  particles 
surface.  Chapter 8 
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In  order  to  solve  the  problems  of  separate  bacteria  production,  injection  and 
obtaining uniform distribution of bacteria in the soil, this chapter investigates a 
new approach: growing urease positive bacteria (ureolytic bacteria) in-situ within 
the soil. The expected advantages of growing the urease positive bacteria in-situ 
are: 
1.  Saving the cost of transporting devices on-site for bacterial cultivation 
2.  Saving  the  energy  cost  for  bacterial  cultivation:  aeration,  stirring,  and 
pumping liquid. 
3.  Overcoming the obstacle of the non-uniform bacterial distribution.  
By  using  information  gained  from  previous  chapters  in  this  thesis,  a  novel 
approach of selective in-situ growth of ureolytic bacteria can be designed that 
could not be done before: 
1.  By using the novel surface percolation allows free oxygen supply to the 
soil which was not possible with previous; 
2.  By relying on the specified selective growth conditions for highly urease 
active bacteria the selective enrichment can now also attempted in-situ. 
While the surface percolation method provides more oxygen than the submersed 
method  there  could  be  still  local  oxygen  shortage.  Oxygen  concentration 
decreases with increasing depth of soil, and the water content greatly affects the 
oxygen flux through the soil body (Erickson and Tyler, 2000). The mass flux of 
air  decreases  with  increase  in  water  content,  which  is  due  to  the  pore  air 
connection being cut off by the pore solution (Lu and Likos, 2004).  
The sustainable growth of ureolytic bacteria growth under non-sterile condition 
has been demonstrated (Chapter 7), however, because of oxygen limitation the 
cultivation of the aerobically enriched ureolytic bacteria (Chapter 7) in soil is still 
a challenge. This challenge may be overcome by growing the ureolytic bacteria in 
unsaturated soil, in which the pore spaces were mainly occupied by air forming 
connected  air  tunnel,  resulting  in  fast  air  flux  and  consequently  high  oxygen 
concentration.  Chapter 8 
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The  objectives  of  this  chapter  are  to  develop  a  method  for  in-situ  growth  of 
ureolytic  bacteria  and  to  combine  the  in-situ  grown  ureolytic  bacteria  with 
biocementation.  
 
8.2 Materials and Methods 
8.2.1  Ureolytic Bacteria  
The urease positive strains used in this study were enriched from the activated 
sludge by using the method described previously (Chapter 7). 10% (v/v) activated 
sludge was cultivated on yeast extract based medium, containing 20 g/L yeast 
extract, 10 g/L sodium acetate, 0.1 mM nickel chloride, 0.17 M urea and constant 
pH  10.  The  cultivation  was  operated  under  aerobic  chemostat  mode  with 
hydraulic retention time about 10 hours.   
 
8.2.2  Contaminants 
Two types of contaminants were used in this study: activated sludge and a soil 
suspension. The activated sludge was obtained from wastewater treatment plant 
(Woodman Point, Australia) with dry weight of about 5 g/L.  A sandy soil sample 
taken from the campus of Murdoch University (South street, Perth, Australia) was 
added in deionized (DI) water with weight ratio of 1 to 5. After 12 hours of 
shaking, the liquid, containing soil bacteria, dissolved organics and ions, was used 
as contaminants without settled solids. The OD value of the soil suspension was 
about 0.5 (OD600).  
 
8.2.3  Sand Columns Set-up  
Two types of silica sand (fine and coarse) were used in this study. The properties 
of those two types of sand were described previously (Chapter 3). The columns 
were made of PVC tubing (internal diameter 4.5 cm, length 30 cm) and packed Chapter 8 
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with dry silica sand with continuous vibration, to produce an even density.  The 
dry density was about 1.62 g/cm
3 for the fine sand column and 1.625 g/cm
3 for the 
coarse sand column. The columns were positioned vertically with top and bottom 
open Filters were used to keep the sand in the columns. The sand columns were 
sterilized in an autoclaved at 121°C for 20 min prior to use.  
 
8.2.4  In-Situ Cultivation  
The  ability  of  the  enriched  ureolytic  bacteria  to  grow  in-situ  was  tested  by 
cultivation  in  30  cm  of  fine  and  coarse  sand  columns.  10%  (v/v)  enriched 
ureolytic bacteria culture, or both ureolytic bacteria and activated sludge (10% 
each) were added into the non-sterile growth media. The growth media consisted 
of 20 g/L yeast extract, 10 g/L sodium acetate, 0.1 mM nickel chloride, and urea 
(0.17  M)  or  ammonium  chloride  (0.34  M).  The  pH  of  the  growth  media  was 
adjusted to a desired level by adding NaOH (1 M). The details of the culture 
tested in this study were presented in Table 8.1. 
Table 8.1. The cultures for in-situ growth of ureolytic bacteria. All cultures contains 20 g/L YE, 10 
g/L sodium acetate, 0.1 mM NiCl2 and 10% ureolytic bacteria inoculum (urease activity: 33.6 
U/mL, Biomass: 3.36 g/L). The concentrations of contaminants, urea, NH4Cl and pH of the culture 
were varied at listed.      
Culture No.  Contaminants* (%)  Urea (M)  NH4Cl (M)  Starting pH 
1  0  0.17  0  10 
2  10  0.17  0  10 
3  10  0.17  0  9.25 
4  10  0  0.34  10 
Note:  contaminants
*: activated sludge (5 g/L).  
 
Certain amount (10% v/v) of the culture (Table 8.1) was added into the sand 
columns  by  the  method  of  surface  percolation.  After  all  excess  solution  was 
drained  the  columns  were  incubated  at  28°C  for  3  to  9  days.  During  the 
incubation, the top of all sand columns was covered by aluminum foil to minimize 
evaporation and the bottom was closed. For each experiment, 3 or 4 identical Chapter 8 
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columns were used to obtain the urease activity profiles of each day during the 
cultivation. 
 
8.2.5  In-situ Urease Activity Measurement 
The in-situ urease activity was defined as the urease activity present in 1 g of dry 
sand.  The  unit  of  urease  activity  was  defined  as  the  amount  of  enzyme  that 
hydrolyzed  1  µmol  urea  per  minute  at  298K  (1  U=1  µmol/min).  The 
determination of in-situ urease activity consisted of the following 3 steps:  
•  First, after incubation 10−15 g of sand was taken from different locations 
of the sand column and added into 10 mL of urea solution (1.5 M).  
•  Second, allowing the urea hydrolysis reaction to happen at 25°C for 1 hour.  
•  Third, ammonia concentration was determined before and after the urea 
hydrolysis reaction.  
The  urease  activity  was  determined  by  calculating  the  urea  degradation  rate, 
which  related  to  the  increase  in  ammonia  concentration,  according  to  the 
following equation (Eq. 8.1): 
[8.1]  H2N-CO-NH2 (urea) + 2H2O ￠ 2 NH4
+ + CO3
2-       
After the determination of the in-situ urease activity, the sand sample was rinsed 
with DI water and dried at 105°C for 12 hours. The weight of dry sand sample 
was recorded.  
 
8.2.6  Biocementation 
After a period of incubation (about 3 days), the sand columns (30 cm and 1 m) 
with  sufficient  local  urease  activity  were  flushed  with  cementation  solution 
containing 1 M urea and 1 M CaCl2. Then the sand columns were kept at room 
temperature (25±1°C) for about 24 hours to allow the reaction to complete. In Chapter 8 
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order  to  achieve  a  measurable  strength  of  the  treated  sand  columns,  several 
treatments with cementation solution were applied.  
 
8.2.7  In-situ Oxygen Concentration Measurement 
The  in-situ  oxygen  concentration  was  measured  using  polarographic  oxygen 
electrodes  (Mettler-Toledo,  Ltd)  that  were  placed  at  10  and  20  cm  along  the 
length of the 30 cm column.  
 
8.2.8  Analytical Methods 
The ammonia concentration, unconfined compressive strength (UCS) and CaCO3 
content  were  determined  as  described  previously  (Chapter  2,  Section  2.2.4; 
Chapter 3, Section 3.2.5).  
 
8.3 Results  
8.3.1  Ureolytic Bacteria Enrichment 
Ureolytic bacteria were enriched from activated sludge as described in Section 
8.2.1. After about 6 days of cultivation, a culture with normal level of urease 
activity and biomass (biomass density: 3.3 mg/mL, urease activity: 33.3 U/mL) 
was produced (Figure 8.1). The mixed ureolytic bacteria culture with high urease 
activity was used as inoculum for the in-situ cultivation experiment. The mixed 
ureolytic bacteria culture was stored in 4°C refrigerator prior to use.  Chapter 8 
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Figure 8.1. Enrichment of ureolytic bacteria from activated sludge. The hydraulic retention time 
was about 10 hours.  Dissolved oxygen level was controlled between 5-6 mg/L.  
 
8.3.2   In-Situ  Growth  of  Ureolytic  Bacteria  in  the 
Absence of Contaminants 
The high urease active bacterial culture was percolated into the sterilized sand 
columns to test the ability of the ureolytic bacteria to grow in-situ. For fine sand 
columns, 180 mL of the growth medium containing 10% inoculum (Table 8.1, 
culture 1) were injected. The urease activity was recorded over 3 days in order to 
establish significant in-situ urease activity. After 3 days of incubation, marginal 
increase in in-situ urease activity was observed at the top part of sand columns (up 
to 5 cm). In the areas deeper than 5 cm no increase but decrease in urease activity 
was observed (Figure 8.2).    
 
Figure 8.2. Urease activity profile along the 30 cm fine sand column after 3 days incubation. The 
injected culture consisted of 10% inoculums, 20 g/L YE, 10 g/L sodium acetate, 0.1mM NiCl2, 
0.17 M urea and pH 10. Sand columns were incubated at 28°C.   
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For coarse sand columns, 80 mL of the identical growth medium was percolated. 
An increase in in-situ urease activity (3 to 7-fold) with incubation period was 
observed  (Figure  8.3),  suggesting  that  ureolytic  bacteria  had  successfully 
multiplied inside the sand columns. However, there was only a marginal increase 
in urease activity at the bottom part of the columns (Figure 8.3).  
The increased in-situ urease activity with depth up to 25 cm depth was likely the 
result of the increased pore fluid content along the sand column (Appendix J). 
After reaching the maximum in-situ urease activity, further incubation resulted in 
a significant decrease in urease activity, which was likely due to the ureolytic 
bacteria lysis or urease enzyme decomposition.  
 
Figure  8.3.  Urease  activity  profile  along  the  30  cm  coarse  sand  column  during  5  days  of 
incubation. The injected culture consisted of 10% inoculums, 20 g/L YE, 10 g/L sodium acetate, 
0.17 M urea and pH 10. Sand columns were incubated at 28°C.  
  
The difference of the in-situ urease activity between the fine and coarse sand 
might be due to the different concentration of oxygen. The dissolved oxygen (DO) 
profile in the percolated fine and coarse sand column clearly showed that DO 
level dropped from 7.7 to 0 mg/L after 4 days of incubation at the depth of 20 cm 
in the coarse sand column, and kept at high level (> 3 mg/L) at the depth of 10 cm 
through the course of the incubation (Figure 8.4). However, the DO in the fine 
sand column was significantly lower than that obtained in the coarse sand column. 
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After approximately 1 day of incubation, the DO concentration dropped to 0 mg/L 
at depth of 10 and 20 cm in the fine sand column (Figure 8.4). The limited oxygen 
concentration in the fine sand was probably also related to the high saturation 
(95% in the fine sand). 
Together  the  profiles  of  the  in-situ  urease  activity  and  the  DO  concentration 
indicated that the marginal increase in urease activity at bottom part of the coarse 
sand column and the entire fine sand column were likely the result of the low DO 
concentration. As the ureolytic bacteria strain used in this study were enriched 
from  the  aerobically  cultivated  culture,  the  available  oxygen  may  serve  as  an 
important role to support the growth of the ureolytic bacteria and consequently the 
urease  activity  within  the  sand  columns.  It  is  clear  that  the  current  in-situ 
enrichment  of  the  ureolytic  bacteria  could  not  be  achieved  under  anaerobic 
conditions. 
 
Figure 8.4. Oxygen concentration in the percolated fine and coarse sand columns during the in-situ 
cultivation of the ureolytic bacteria. Oxygen probes were placed at depth of 10 and 20 cm of the 
columns respectively.  
 
8.3.3  Effect of Oxygen Limitation on Urease Activity of 
the Ureolytic Bacteria 
To investigate the effect of oxygen limitation on the growth of ureolytic bacteria 
and the urease activity, a culture (Table 8.1, culture 1) was placed in 100 mL 
serum  vial  and  flushed  with  nitrogen  gas  for  1  minute.  Then  the  culture  was 
incubated under anaerobic condition. During 5 days of incubation, no increase in 
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urease  activity  (Figure  8.5)  and  biomass  concentration  (data  not  shown)  was 
observed.  These  results  clearly  showed  the  tested  ureolytic  bacteria  could  not 
grow in the absence of oxygen, indicating that the current used ureolytic bacteria 
were aerobic bacteria. This suggested the aerobic ureolytic bacteria should grow 
in large numbers aerobically prior to injection into anoxic conditions, such as 
water logged soils, instead of attempting to grow in-situ under anoxic conditions. 
 
Figure 8.5. Urease activity of the ureolytic bacteria culture during 5 days of anaerobic cultivation. 
 
8.3.4  Effect of Media on the In-situ Growth of Ureolytic 
Bacteria in the Presence of Contaminants 
8.3.4.1  Medium with High pH (10) and High Urea Concentration 
Previous experiments demonstrated that a high pH of 10 and the presence of urea 
(0.17 M) could support the enriched ureolytic bacteria strain to grow in-situ in the 
sterilized  coarse  sand  columns.  However,  in  commercial  applications  of  the 
technology it may be desirable to grow the ureolytic bacteria in the presence of 
soil contaminants. To investigate the ability of the ureolytic bacteria to grow in 
the  presence  of  contaminants,  the  growth  medium  inoculated  with  10%  of 
inoculum and 10% of activated sludge (Table 8.1, culture 2) was percolated into 
the coarse sand columns, followed by incubation at 28°C for 5 days. A significant 
increase in local urease activity was observed after incubation in the presence of 
contaminants (i.e., activated sludge) (Figure 8.6 A).  
To rule out the possibility that the urease activity was being produced by activated 
sludge  bacteria  other  than  the  injected  inoculum,  the  autoclaved  coarse  sand 
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columns were treated with the same solution but without the ureolytic bacteria 
inoculum.  The  culture  containing  only  activated  sludge  produced  significantly 
less urease activity (Figure 8.6B) than the culture   containing also the inoculum. 
This suggested that the attainment of high urease activity from the mixed culture 
(inoculum  and  activated  sludge)  was  mainly  attributable  to  the  growth  of  the 
ureolytic  bacteria  inoculum,  rather  than  the  microorganisms  of  the  activated 
sludge.  
 
 
Figure 8.6. Effect of contaminants (activated sludge) on local urease activity at the 30 cm coarse 
sand column during 5 days of incubation. (A) The injected culture consisted of 10% inoculum, 
10% of activated sludge, 20 g/L YE, 10 g/L sodium acetate, 0.17 M urea and pH 10; (B) The same 
mixture was injected except for the 10% inoculum. All sand columns were incubated at 28°C.   
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8.3.4.2  Medium with Low pH (9.25) and High Urea Concentration 
The pH of the culture could not be controlled and maintained constantly under the 
in-situ growth conditions, which decreased from the starting value of 10 to the 
final  value  of  approximately  9.2  after  5  days  incubation.  To  test  whether  the 
starting  pH  10  was  essential  for  the  in-situ  selective  growth  of  the  ureolytic 
bacteria  in  the  presence  of  contaminants,  a  lower  starting  pH  (pH=9.25)  was 
tested (Table 8.1, culture 3). The benefits of the culture with lower pH are less 
amount  of  NaOH  requirement  and  less  environmental  impact  of  the  alkaline 
culture on the soil.   
During  the  incubation,  the  local  urease  activity  increased  slightly  within  the 
coarse  sand  column,  but  stayed  about  60  %  lower  than  at  starting  pH  of  10 
(Figure  8.7).  This  indicated  that  this  lower  starting  pH  allowed  more  urease 
negative  bacteria  to  grow,  suggesting  that  the  initial  high  pH  (pH=10)  was 
essential as it provided “harsh” conditions. This (Figure 8.6A) harsh condition 
allowed the selective growth of the ureolytic bacteria microorganism, resulting in 
an attainment of high urease activity. 
 
Figure 8.7. Effect of lower pH (9.25 instead of 10) on local urease activity at the 30 cm coarse 
sand column during 5 days of incubation. The injected enrichment consisted of 10% inoculums, 
10%  activated  sludge,  20  g/L  YE,  10  g/L  sodium  acetate,  0.17  M  urea.  Sand  columns  were 
incubated at 28°C.  
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8.3.4.3  Medium with High pH (10) and High Ammonium  
Chemostat enrichment conditions selective for urease active bacteria required a 
high pH of 10 also the presence of ammonia/urea (Chapter 7). The urease activity 
of the ureolytic bacteria can be activated in the presence of urea (Figure 8.3 and 
Figure 8.6 A), which would lead to CO3
2- production during the cultivation due to 
the  urea  hydrolysis.  The  produced  CO3
2-  ions  react  with  soil  cations,  such  as 
Mg
2+, Ca
2+, Al
3+ etc., to form carbonate salts and may precipitate on the cells 
wall. This will cause loss of urease activity due to the encapsulation of bacterial 
cells by the crystals (van Paassen, 2009). Therefore it was worthwhile to test 
whether the urea can be replaced by an alternative ammonium source using 0.34 
M  of  ammonium  chloride  (Table  8.1,  culture  4).  The  substrate  ammonium 
chloride could support the growth of urease activity. However, the increment was 
about 60% lower than that obtained in the culture with urea present (Figure 8.8).  
 
Figure  8.8.  Effect  of  ammonium  addition  rather  than  urea  on  local  urease  activity.  Ureolytic 
bacteria  were  in-situ  cultivated  at  the  30  cm  coarse  sand  column  for  5  days.  The  injected 
enrichment consisted of 10% inoculum, 10% activated sludge, 20 g/L YE, 10 g/L sodium acetate, 
0.34 M ammonium chloride and pH 10. Sand columns were incubated at 28°C.   
 
8.3.5  Effect of Inoculum Size on the Urease Activity   
The previous experiments (Section 8.3.4) have demonstrated the optimum growth 
condition for the in-situ cultivation of the ureolytic bacteria in the presence of 
contaminants.  In  this  condition,  if  the  amount  of  inoculum  required  for 
establishing  sufficient  urease  activity  could  be  reduced,  the  in-situ  cultivation 
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technique  would  be  more  cost-effective  as  the  requirement  of  delivering  the 
ureolytic bacteria inoculum is reduced.  
The medium (pH=10 and 0.17 M urea) inoculated with 2% (v/v) of the ureolytic 
bacteria inoculum and 10% activated sludge was injected into the coarse sand 
columns. A significant increase in the local urease activity was observed within 
the period of incubation (Figure 8.9). As expected, a longer incubation period (7 
days)  was  needed  to  reach  the  maximum  urease  activity,  compared  to  that 
inoculated with larger amount of inoculum (Figure 8.9).  Overall this experiment 
shows that a smaller inoculum of 2 % also enables the in-situ development of high 
urease activity. 
 
Figure 8.9.  Effect  of  inoculum  size  on  local  urease  activity  profile  at  the  30  cm  coarse  sand 
column  during  9  days  incubation.  The  injected  enrichment  consisted  of  2%  inoculum,  10% 
activated sludge, 20 g/L YE, 10 g/L sodium acetate, 0.17 M Urea and pH 10. Sand columns were 
incubated at 28°C.  
 
8.3.6  Soil Bacteria as Contaminants 
In  an  attempt  to  simulate  the  field  situation,  soil  suspensions  containing  soil 
bacteria was used as contaminants instead of activated sludge. The same level of 
ureolytic bacteria inoculum (10%) was added to the growth medium (pH=10 and 
0.17 M urea), with an equal volume of soil suspension relative to the inoculum.  
The  local  urease  activity  obtained  from  the  combination  of  ureolytic  bacteria 
inoculum and soil contaminants (4 U/g) was about 30 % higher than that obtained 
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from the inoculum with non-enriched activated sludge (3 U/g) (Figure 8.10). This 
could  be  attributed  to  the  finding  that  urease  positive  bacteria  are  widely 
distributed in soil (Klose and Tabatabai, 1999; Bremner and Mulvaney, 1978). 
The option of solely relying on soil suspension as inoculum for the purpose of in-
situ enrichment of ureolytic bacteria will be investigated in next chapter.   
 
Figure 8.10. Effect of contaminants (soil bacteria) on local urease activity at the 30 cm coarse sand 
column during 5 days incubation. The injected enrichment consisted of 10% inoculums, 10% soil 
suspension, 20 g/L YE, 10 g/L sodium acetate, 0.17 M Urea and pH 10. Sand columns were 
incubated at 28°C 
 
8.3.7  Biocementation of 30 cm Sand Column 
8.3.7.1  Urease Activity Fixation  
In order to achieve successful cementation, sufficient urease activity maintained 
in soil is essential. To test the effect of the in-situ growth of ureolytic bacteria on 
the urease activity retention, 30 cm coarse sand column was flushed with 80 mL 
of culture (10% inoculums, 10% activated sludge, 20 g/L YE, 10 g/L sodium 
acetate, 0.17 M urea, 0.1 mM nickel chloride, and pH 10) followed with 3 days of 
incubation at 28°C. Then 80 mL of cementation solution was flushed through the 
column. The total urease activity flushed out of the column was about 50 U. The 
retained urease activity, calculated from the in-situ urea conversion (calculating 
from the change of ammonia concentration)  for the first 2 hours, was about 150 
U, showing that 75% of the urease activity was immobilized in the coarse sand 
column.   
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8.3.7.2  In-situ Recovery of Urease Activity  
A decrease in in-situ urease activity during the biocementation process has been 
observed in many previous reports (van Paassen et al., 2010b; Whiffin, 2004; 
Whiffin et al., 2007). It might be due to cell lysis, cells encapsulated in the CaCO3 
crystals,  or  extracellular  urease  decomposition.  Therefore,  additional 
supplementation  of  urease  enzyme/ureolytic  bacteria  during  the  subsequent 
applications is necessary. To determine whether the stagnant local urease activity 
can  be  recovered,  the  coarse  sand  column  was  flushed  with  80  mL  of  fresh 
medium  consisting  of  identical  components  as  the  initially  injected  culture, 
followed by 3 days incubation at 28°C.  
As expected, a decrease in urease activity was evident during the biocementation 
process (Figure 8.11). After flushing 6 batches of cementation solution, the local 
urease  activity  dropped  by  60%  (calculated  form  the  urea  conversion).  Re-
incubating the sand column with fresh medium enabled the bacteria to establish 
the local urease activity to the original level (Figure 8.11). This indicated that the 
stagnant  urease  activity  could  be  recovered  by  re-incubation  of  the  ureolytic 
bacteria in-situ with fresh medium.  
 
Figure 8.11. Percentage of converted urea every 24 hours in the coarse sand column. The injected 
cementation solution consisted of 1 M urea and 1 M CaCl2. During the biocementation process, 
the coarse sand column was kept at 25±1°C, and during the incubation the column was kept at 
28°C. 
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8.3.7.3  UCS and CaCO3 Content  
To determine the effect of urease activity from the in situ cultivated ureolytic 
bacteria  on  the  cementation  of  sand  column,  UCS  and  CaCO3  content 
measurements  were  carried  out.  The  CaCO3  content  increased  with  depth 
indicating that the crystals precipitation and the sand cementation occurred over 
the entire sand column (Figure 8.12). The strength along the sand column varied 
between 530 to 719 kPa (Figure 8.12), suggesting that the urease activity obtained 
from the in situ cultivation of the ureolytic bacteria was able to provide sufficient 
cementation.  
 
Figure 8.12. UCS and CaCO3 profiles along the cemented 30 cm coarse sand column after the 
cementation was complete. An average CaCO3 content value was determined from three samples 
for each column section. Totally 1040 mL of cementation solution was injected. 
 
8.3.8  Biocementation of 1 m Sand Column  
Having established the conditions for the growth of the ureolytic bacteria in situ in 
30 cm coarse sand column, and its consequent successful biocementation, it then 
became appropriate to test the technique in a longer sand column (> 1 m) for the 
purpose of exploring deeper cementation as required in the field. 
The  in situ cultivation  of  ureolytic  bacteria  in  1  m  coarse  sand  column  (10% 
inoculum, 10% activated sludge, 20 g/L YE, 10 g/L sodium acetate, 0.17 M urea, 
0.1 mM nickel chloride, and pH 10) was initiated by percolation followed by 3 
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days  of  incubation  of  the  sand  column.  Then  total  10  flushes  of  cementation 
solution were applied, and between each flush the sand column was kept at room 
temperature (25
oC) for 24 hours. After 5 flushes of cementation solution, the sand 
column was supplied with fresh medium to recover the stagnant urease activity. 
Total  volume  of  the  injected  culture,  the  fresh  medium  and  the  cementation 
solution were 250 mL, 250 mL and 2500 mL respectively.  
Calcium carbonate precipitates were detected over the entire length of the 1 m 
column  (Figure  8.13),  indicating  that  ureolytic  bacteria/urease  activity  was 
present in the entire column. An increase in calcium carbonate with depth was 
evident. This may be the result of increased volumes of the cementation solution 
with depth (Appendix J). Higher amounts of the cementation solution present in 
the pores at the bottom of the column, compared to the top part, makes more urea 
and calcium available which can result in more crystals precipitated. 
The  strength  (UCS)  of  the  cemented  sand  column  clearly  shows  significant 
cementation over the entire 1 m column. Also the strength distribution profile 
suggests that the maximum attainable cementation depth may not be limited at 1 
m, and that, if required cementation depths beyond 1 m may be reached. 
 
Figure  8.13.  UCS  and  CaCO3  profiles  of  a  1m  coarse  sand  column  using  in-situ  growth  of 
ureolytic  bacteria.  after  the  cementation  was  complete.  An  average  CaCO3  content  value  was 
determined from three samples for each column section (error bars were too small to see).  
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8.4 Discussion 
In coarse sand columns, the in-situ cultivation of aerobically enriched ureolytic 
bacteria  associated  with  contaminants  (activated  sludge  or  soil  suspension) 
enabled the development of significant local urease activity after 3 to 5 days of 
incubation. This local urease activity could support biocementation at large-scale 
column  (1  m).  This  demonstrated  the  technical  feasibility  relying  on  in-situ 
cultivation of ureolytic bacteria for ground reinforcement by biocementation.   
The attainment of the local urease activity in fine sand column was not capable of 
supporting significant cementation (data now shown). The reason why high local 
urease activity could not be achieved in the fine sand columns was probably due 
to the limitation of oxygen. It had been demonstrated that the ureolytic bacteria 
used in this study could not grow in the absence of oxygen (Figure 8.5). 
The lower oxygen concentration (Figure 8.4) in the fine sand columns, compared 
to  the  coarse  sand  columns,  could  be  explained  as  follows.  When  liquid  is 
percolated into the short fine sand columns, pores spaces are largely occupied by 
the solution and the remaining pore air exits primarily as isolated bubbles among 
the sand particles (Lu and Likos, 2004). Hence, the continuous path for airflow is 
cut off by the pore solution (Lu and Likos, 2004). By comparison, in the coarse 
sand column, the pore spaces are mainly occupied by air, enabling a free flow of 
air into the sand driven by gradients in total air potential (Lu and Likos, 2004). 
Hence the soils consisting mainly of fine sand (< 0.3 mm) or loamy soils and clay 
soils are not likely to allow in-situ enrichment of aerobic ureolytic bacteria. The 
strict oxygen supply limitation in the fine sand column (Figure 8.4) suggests that, 
instead of cultivating aerobic ureolytic bacteria anaerobic fermentative bacteria 
would be likely to grow on the organic compounds in the medium.   
The CaCO3 content increased with depth, however, the consequent geotechnical 
property (i.e. strength) is relatively homogeneously distributed in both short and 
long  coarse  sand  columns.  It  is  presumably  due  to  the  process  of  the  surface 
percolation  treatment.  Several  mechanisms,  which  might  explain  the  observed 
phenomena, are discussed below:  Chapter 8 
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1.  The amount of precipitated CaCO3 at specific locations depends on the 
amount of available cementation solution. The higher content of CaCO3 at 
the bottom of the columns is largely attributed to the higher content of the 
pore cementation solution than the content at the top of the column. The 
phenomenon  of  higher  water  content  towards  the  bottom  end  of  the 
columns at unsaturated conditions is a known phenomenon explained in 
detail by Lu and Likos (2004) and also covered in Chapter 2 and Chapter 4. 
2.  The amount of precipitated CaCO3 at a specific location also depends on 
the  amount  of  available  urea  catalyzing  bacteria  (urease  activity).  The 
distribution  and  attachment  of  bacteria/bacterial  activity  by  the  in-situ 
cultivation  depends  on  how  much  substrate  (here  yeast  extract)  and 
whether in-situ conditions stayed selective for ureolytic bacteria (e.g. pH 
10 and high levels of ammonia/urea). The less urease activity in the top 
part of the sand columns, caused by the limited retained culture in the pore 
spaces, led to lower conversion rates of the cementation solution, hence 
allowing more reagents to pass by unreacted, reaching deeper layers in the 
column. 
3.  The local strength at a specific location is not only dependent on the total 
CaCO3 content, but also the effectiveness of those precipitated crystals. As 
demonstrated previously (Cheng and Cord-Ruwisch, 2012), the strength of 
the cemented samples was attributed to the effective crystals that formed 
particularly on the point-to-point contact part of the sand grains. Higher 
proportion of effective crystals could form at soils with lower saturation 
degree (i.e. low water content) (Chapter 3). Therefore, the higher amount 
of calcite formed at the bottom of the columns (Figure 8.13) could not be 
transformed into higher strength. This same phenomenon is described also 
in Chapter 2 and Chapter 4.  
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8.5 Conclusions 
•  Based on the results from the laboratory testing, the process of selective 
enrichment of ureolytic bacteria from the activated sludge as shown via 
aerobically chemostat cultivation could also be applied in-situ in coarse 
sand columns. Contamination by non-urease bacteria did not appear to be 
a problem as selective in-situ enrichment was possible. 
•  In-situ  growth  aerobic  ureolytic  bacteria  depended  on  adequate  oxygen 
supply and hence did not work for fine sands and is not likely to work for 
clay etc. 
•  Testing  on  strength  and  CaCO3  content  of  the  bio-cemented  samples 
showed  that  the  biocementation  by  using  in-situ  cultivated  ureolytic 
bacteria is feasible in short (30 cm) and long (1 m) coarse sand columns. 
The maximum attainable cementation distance did not appear to be limited 
to 1 m. 
•  Higher in-situ urease activity was obtained in the presence of soil bacteria, 
evoking interests in using no inoculum but only soil bacteria to operate in-
situ growth of ureolytic bacteria in future experiments.  
 Chapter 9 
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9  Sandy soil Consolidation utilizing MICP 
via in-situ Enriching Indigenous Soil 
Urease Positive Bacteria  
9.1 Introduction 
Soil strengthening by MICP has been described in a number of ways, such as 
submersed addition of bacteria and cementation solution (Whiffin et al., 2007; van 
Paassen et al., 2009a; van Paassen et al., 2010b), surface percolation of cultivated 
bacteria (Cheng and Cord-Ruwisch, 2012; Chapter 4), surface percolation of an 
inoculum followed by incubation period (Chapter 8). All these methods have in 
common that high concentrations of urease active bacteria are positioned inside 
the soil prior to supplying the cementation solution. Once in soil, the introduced 
bacteria will face challenges such as reduction in population from predation and 
competition,  stress  from  abiotic  factors,  such  as  pH,  osmotic  pressure, 
temperature and availability of suitable nutrients (van Elsas et al., 1991; Evans et 
al., 1993). 
In the previous chapter (Chapter 8), it has been established that the urease enzyme 
produced by the in-situ cultivated ureolytic bacteria, aerobically enriched from 
activated sludge, is functional for biocementation. However, this technology was 
only  applicable  to  unsaturated  coarse  sand.  The  in-situ cultivation  of  aerobic 
ureolytic bacteria was shown to be restricted by oxygen limitation in the soil. 
These oxygen-limited regions exist in highly saturated soils, root zones (Hanslin 
et al., 2005), very fine soils such as clay, and deeper soil (in the order of cm). 
However, MICP treatment for soil stabilization via in-situ enrichment of ureolytic 
positive bacteria to extended depth (> 1 m) is desired for economical and practical 
reasons, as cultivation and transportation of large quantities of ureolytic bacteria 
is not required. 
The current section investigates whether the above limitation of in-situ cultivation 
can be overcome by enriching anaerobic or facultative aerobic urease positive Chapter 9 
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microorganisms in-situ, such that limited oxygen supply can be tolerated. 
Urease activity is widely distributed in soil, where it plays an essential role in 
nitrogen  metabolism  (Ciurli  et  al.,  1996).  Microbial  urease  activity  includes 
enzymes of bacteria, yeasts, filamentous fungi, and algae (Booth and Vishniac, 
1987;  Bekheet  and  Syrett,  1977;  Kaltwasser  et  al.,  1972;  Berns  et  al.,  1966; 
Jeffries, 1964). In a trial of sampling of six different soils, 17 to 30% of the 
cultivable  bacterial  population  was  urease  positive,  including  aerobes,  micro-
aerophiles  and  anaerobes  (Lloyd  and  Sheaffe,  1973).  For  example,  Bacillus 
cereus, widely distributed in soil and water, is a large and facultative aerobic 
ureolytic  bacterium  (Vilain  et  al.,  2006).  Han  et  al.  (2010)  have  successfully 
isolated a urease positive, facultative anaerobic bacterium from soil collected in 
Melbourne, Australia. Such facultative or anaerobic ureolytic bacteria might allow 
the in-situ cultivation at oxygen limited or even oxygen free conditions.   
The objectives of this chapter are to develop a method for the in-situ enrichment 
of ureolytic bacteria under oxygen limitation in both fine and coarse sands, and to 
apply the in-situ grown ureolytic bacteria to biocementation.  
 
9.2 Materials and Methods 
9.2.1  Soil Samples and Indigenous Bacteria Obtainment    
Soil  samples  were  collected  from  the  campus  of  Murdoch  University,  Perth, 
Australia using a steel hand shovel. Samples collected from 20 cm depths, were 
suspended in deionized water with weight ratio of 1 to 10. After 12 hours of 
continuously shaking, the liquid was filtered by 10 cm thick fine silica sand bed 
(grain size distribution: >0.3mm: 1.13%, 0.212-0.3 mm: 63.39%, 0.15-0.212 mm: 
29.59%, and <0.15 mm: 5.89%) to remove all solids. The filtered soil suspension 
containing indigenous soil bacteria was stored at 4°C prior to use as inoculums. 
Optical density (600 nm) of the soil suspension was around 0.1. Chapter 9 
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9.2.2  Effect of Growth Media on Enrichment of Ureolytic 
Bacteria under Limited Oxygen Supply 
Enrichment of soil ureolytic bacteria under limited oxygen supply condition was 
operated  by  cultivating  soil  bacteria  in  unshaken  glass  flask  under  batch 
conditions. 100 mL of the culture was placed at 250 mL of unshaken glass flask 
and incubated at 28°C for 8 days. During the incubation, the dissolved oxygen 
(DO)  concentration  of  the  culture  varied  between  0  to  1  mg/L,  monitored  by 
placed oxygen probe.  
 
9.2.2.1  Types of Organic Substrates  
The ability of indigenous soil bacteria to use molasses (sugarcane, Feed Man, 
Australia), sodium acetate (Chem-Supply Pty.) and yeast extract (YE) (Becton 
Dickinson) under limited oxygen condition was tested. The organic substrates and 
urea were added into 100 mL soil suspension to a final concentration of 20 g/L 
and 0.17 M. The pH of the culture was adjusted to 9.25 prior to incubation.  
 
9.2.2.2  Nitrogen Source and pH  
To investigate the effects of nitrogen source and starting pH of the culture on the 
urease  activity  production  by  the  soil  bacteria,  the  soil  suspensions  were 
cultivated  on  various  media  (Table  9.1)  under  same  conditions  as  previously 
described (Section 8.2.2). The pH was monitored during the incubation. 
Table 9.1. The culture growth conditions for enriching soil urease positive bacteria. All cultures 
contained 20 g/L YE and 100 mL soil suspension (OD600=0.1). Concentration of urea, ammonium 
sulphate and starting pH of culture were varied as listed.  
Culture No.  Urea (M)  Ammonium sulphate (M)  Starting pH 
1  0  0.17  10 
2  0.17  0  9.25 
3  0  0.17  9.25 
4  0.17  0  10 Chapter 9 
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9.2.3  Enrichment  of  Soil  Ureolytic  Bacteria  under 
Oxygen Free Conditions 
In the previous experiments, soil bacteria were cultivated under limited oxygen 
supply  condition.  To  test  the  growth  and  urease  activity  response  of  the  soil 
indigenous bacteria under more severe conditions, batch anaerobic (oxygen free) 
cultivation was investigated. 50 mL of culture (soil suspension (OD600 0.1), 20 
g/L YE, 0.17 M urea and starting pH of 10) was placed in a 100 mL serum vial 
and flushed with N2 gas for 2 min prior to incubation. The serum vial was sealed 
with rubber bung through the course of the incubation at 28°C. The evolution of 
the  urease  activity  of  the  culture  was  monitored  by  periodically  taking  1  mL 
culture from the sealed serum vial by a needle and syringe. To prevent addition of 
O2 to the vial, the needle and syringe was flushed with nitrogen prior to sampling. 
 
9.2.4  In-situ Growth of Soil Ureolytic Bacteria  
After testing the soil suspension together with different growth media under batch 
conditions (Section 9.2.2), the culture presented with the optimum urease activity 
was used in the experiments of in-situ growth of soil ureolytic bacteria.  
The ability of soil ureolytic bacteria to grow in-situ was tested by percolating the 
culture, containing soil suspension and growth media, into 30 cm sand columns 
(4.5 cm of inner diameter). The sand columns were packed with fine or coarse 
silica  sand  under  continuous  vibration  to  give  an  even  density,  resulting  in 
average dry density of approximately 1.62 g/cm
3 for the fine sand columns and 
1.625  g/cm
3  for  the  coarse  sand  columns.  According  to  the  water  retention 
capacity of the 30 cm sand columns, 180 and 80 mL of cultures were percolated 
into the fine and coarse sand columns respectively. The percolated sand columns 
were incubated at 28°C for 7 to 9 days. Through the course of the incubation, the 
top of sand columns was covered with aluminum foil to minimize evaporation and 
the bottom was closed.  Chapter 9 
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With  1  m  sand  columns  (5.5  cm  of  inner  diameter),  the  same  procedure  was 
conducted, except for the introduced culture volumes, which were 450 mL for the 
fine sand column and 250 mL for the coarse sand column.  
 
9.2.5  Biocementation  
The sand columns (30 cm and 1 m) with in-situ grown urease positive bacteria 
were treated with cementation solution (1 M urea and 1 M CaCl2) by surface 
percolation, followed by a certain reaction period varying between 24-48 hours. 
The  sand  columns  were  kept  at  room  temperature  (25±1°C)  during  the 
biocementation process.  
 
9.2.6  In-situ Urease Activity Measurement 
The  measurement  of  in-situ  urease  activity  was  carried  out  as  previously 
described (Chapter 8, Section 8.2.5). 
 
 
9.2.7  Scanning Electron Microscopy (SEM) Analysis 
Two  identical  fine  sand  columns  were  prepared  for  the  SEM  analysis.  Both 
columns were incubated with the culture containing the soil suspension, yeast 
extract (20 g/L), urea (0.17 M) and starting pH of 10. After 5 days of incubation, 
one  of  the  columns  was  flushed  with  deionized  (DI)  water  to  wash  out  all 
unattached bacteria. A sample collected in the middle of the column was dried at 
room temperature for 2 days for the SEM analysis. The second sand column was 
flushed  with  DI  water  followed  with  cementation  solution.  After  12  hours  of 
reaction, a sample was collected from the middle of the column and prepared for 
the SEM analysis. 
All samples were examined by scanning electron microscope (PHILIPS XL20 
Scanning Electron Microscope, Eindhoven, the Netherlands). Chapter 9 
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9.2.8  Analytic Methods  
The ammonia concentration, unconfined compressive strength (UCS) and CaCO3 
content  were  determined  as  described  previously  (Chapter  2,  Section  2.2.4; 
Chapter 3, Section 3.2.5).  
 
9.3 Results  
9.3.1  Selection  of  Growth  Media  for  Enriching 
Indigenous Urease Positive Bacteria  
9.3.1.1  Effect of Substrates on Urease Activity Production 
As an inexpensive carbon source, molasses has been used for the enrichment of 
soil and marine bacteria for the purpose of bioremediation (Boopathy et al., 1998; 
Fujita et al., 2007). Recently, molasses have also been used for enrichment of 
indigenous ureolytic bacteria for the purpose of soil consolidation (Burbank et al., 
2011)  and  calcium  removal  from  groundwater  (Tobler  et  al.,  2011).  In  the 
previous  experiments  (Chapter  7)  enrichments  for  ureolytic  bacteria  from  the 
activated sludge using yeast extract as carbon source obtained significant urease 
activity (about 60 U/mL). 
In the current study, molasses, sodium acetate and YE were tested. In all tests 
0.17 M of urea was used as the primary nitrogen source. The dissolved oxygen 
(DO)  concentration  of  all  cultures  dropped  to  0  mg/L  after  1  to  1.5  days  of 
incubation.  Enrichments  for  soil  ureolytic  bacteria  using  molasses  or  sodium 
acetate as a sole carbon source and urea as the primary nitrogen source yielded 
urease activity lower than 1 U/mL (Figure 9.1). In the YE medium, urease activity 
was produced to a level that was about 10-fold higher than that obtained on the 
molasses or sodium acetate medium (Figure 9.1). This indicated that the enriched 
urease positive bacteria have a high preference for protein-based media rather 
than carbohydrates, similar to the previously reported nutritional profile for S. 
pasteurii  (Whiffin,  2004;  Mörsdorf  and  Kaltwasser,  1989;  Wiley  and  Stokes, 
1962). Chapter 9 
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Figure 9.1. Effect of substrates on the urease activity production of the enriched soil ureolytic 
bacteria at limited oxygen supply conditions. All cultures were cultivated on various media with 
yeast extract (20 g/L), sodium acetate (20 g/L) or molasses (20 g/L) respectively. The growth 
medium contained 0.17 M urea, 0.1 mM Ni
2+, and starting pH of 9.25.  All cultures were grown in 
250 mL unshaken flasks at 28°C. 
 
9.3.1.2  Optimization  of  Urease  Activity  Production  on  YE-based 
Medium 
The previous experiment had demonstrated that the indigenous urease positive 
bacteria could only be enriched on the YE-based medium plus urea as nitrogen 
source. In order to optimize the pH and nitrogen source for the maximum urease 
activity production, several cultures were cultivated on 20 g/L YE with urea or 
ammonium sulphate addition as nitrogen sources. The starting pH of the culture 
was adjusted to 9.25 or 10 before incubation. 
The culture with 0.17  M urea and starting pH of 10 yielded the maximum urease 
activity (20 U/mL) after about 120 hours of incubation (OD600=4.83) (Figure 9.2). 
The cultures containing ammonium sulphate or urea with low pH (9.25) yielded a 
10% to 50% lower urease activity compared to the maximum level (Figure 9.2). 
Replacing  urea  by  ammonia  sulphate  resulted  in  more  than  60%  decrease  in 
urease  activity  when  the  starting  pH  of  the  culture  was  10.  The  results  were 
consistent with the previous findings (Chapter 7 and 8), which showed that: 1) 
extremely high pH (pH=10) is favorable to inhibit the urease negative bacteria; 2) 
the enriched ureolytic bacteria appeared to respond directly to the substrate urea 
as an inducing agent.  
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The uncontrolled pH decreased during the cultivation from the initial value of 10 
to about 8.8, which would diminish the impact of the alkalinity on the soils.  
 
Figure  9.2.  Effect  of  starting  pH  and  ammonium  sources  on  urease  activities  of  the  cultures 
cultivated under limited oxygen supply condition. All cultures were cultivated on yeast extract 
media (20 g/L) with urea or ammonium sulphate, and various starting pH. All cultures contained 
0.1 mM Ni
2+ and were cultivated at 250 mL unshaken flasks at 28°C. 
 
9.3.2  Effect  of  Oxygen  Level  on  Urease  Activity 
Production 
The capability of urease activity production by in-situ enriched bacteria under low 
oxygen level, even anaerobic (oxygen free) conditions is desired, as it would favor 
the cementation of deep soils or the cementation of saturated soils. The previous 
experiment showed that significant urease activity (20 U/mL) was produced under 
limited oxygen supply conditions. In order to test the possibility of enriching soil 
ureolytic  bacteria  under  anaerobic  conditions  (oxygen  free),  soil  suspension 
together with growth medium (20 g/L YE, 0.17 M urea and starting pH of 10) was 
incubated in a serum vial sealed with rubber bung.  
After  about  150  hours  of  incubation,  the  anaerobic  cultivation  (oxygen  free) 
produced less biomass (OD600=1.08) and 50% of the urease activity (10 U/mL), 
compared to that produced under the oxygen limited condition (Figure 9.2 and 
Figure 9.3). However, the activity still met the requirement of biocementation 
suggested by Whiffin (2004).  
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Figure  9.3.  Anaerobic  development  of  urease  activity  of  soil  suspension  grown  on  YE-based 
medium (starting pH of 10 and 0.17 M urea) in the absence of oxygen. The culture was grown at 
100 mL serum vial at 28°C. The data presented in this figure presented the average number of two 
identical cultures.   
 
9.3.3  In-situ Enrichment of Soil Ureolytic Bacteria under 
Anaerobic/Oxygen limited Conditions 
9.3.3.1  In-situ Development of Urease Activity 
Previous experiments (Figure 9.2 and Figure 9.3) had demonstrated the technical 
feasibility of batch reactor cultivation for the enrichment of soil ureolytic bacteria. 
This trial is to test whether a further simplification can be made by developing 
urease activity in-situ in different types of sand columns. 
Soil suspensions with optimum growth medium (pH 10, 0.17 M urea and 20 g/L 
YE) were percolated into the coarse and fine sand columns. The in-situ urease 
activity profiles along the sand columns showed that in both coarse and fine sand 
columns the in-situ urease activity significantly increased during the period of the 
incubation (Figure 9.4). The maximum levels of the urease activity in the coarse 
and fine sand columns were obtained at day 5 and day 7 respectively (Figure 9.4). 
The urease activities obtained in the fine sand columns were relatively uniform 
(Figure 9.4B), while they varied with depth in the coarse sand columns (Figure 
9.4A). 
The in-situ urease activity (U/mg) at a specific location depends on the volume of 
culture present (mL/g) and the activity of the culture (urease activity per volume, 
0 
5 
10 
15 
20 
25 
0  25  50  75  100  125  150  175  200 
U
r
e
a
s
e
 
A
c
t
i
v
i
t
y
 
(
U
/
m
L
)
 
Incubation Time (hours) Chapter 9 
  188 
U/mL).  In  the  coarse  sand  columns,  the  in-situ  urease  activity  increased  with 
depth, from the top to 20 cm depth. This was likely the result of the increased 
pore culture content with depth (Chapter 8, Appendix J). However, the in-situ 
urease activity decreased at locations deeper than 20 cm. This low in-situ activity 
was likely due to the oxygen limitation, leading to less activity of the culture 
compared to that in the top layers of the column, similar to the previous batch 
oxygen limited and oxygen free experiments. This suggests that although the soil 
ureolytic  bacteria  can  be  enriched  under  both  anaerobic  and  oxygen  limited 
conditions, higher activity can be obtained in the presence of more accessible 
oxygen.   
 
 
Figure 9.4. Effect of sand size on the urease activity (U/g sand) profile in 30 cm sand columns 
during 7 days of incubation at 28°C. A: coarse sand and B fine sand. The injected soil suspension 
consisted of 20 g/L YE, 0.17 M urea and starting pH 10.   
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The  uneven  distributed  urease  activity  might  be  attributed  to  the  uneven 
distributed  pore  culture  along  the  coarse  sand  column  under  free  draining 
conditions. As the pore culture content was homogeneous along the short fine 
sand column (Appendix J), the relatively constant in-situ urease activity indicated 
that a similar growth of urease positive bacteria had occurred over the entire sand 
columns (Figure 9.4). 
The calculated culture activity at the locations of 5, 15, and 25 cm depth of the 
coarse and fine sand columns showed that the overall culture urease activity in the 
coarse sand column was higher than that obtained in the fine sand columns (Table 
9.2).  This  increased  urease  production  was  likely  attributed  to  the  higher 
availability  of  oxygen  in  the  coarse  sand  column  compared  to  the  fine  sand 
column (data not shown).  
The level of the obtained in-situ urease activities indicated that in the coarse sand 
column the ureolytic bacteria were likely enriched at aerobic condition expect for 
at  the  locations  close  to  the  bottom.  However,  in  the  fine  sand  column  the 
cultivation condition was likely anaerobic along the whole column (Figure 8.4). 
The inhibitory effect of the lack of oxygen on urease activity production of the 
soil bacteria was evident by anaerobic batch experiment (Figure 9.3).   
Table 9.2. The specific culture activity at different locations of sand columns. The culture content 
was measured by determining the retained pore culture in the sand columns. 
 
9.3.3.2   Microscope Analysis 
The previous experiment had demonstrated successful in-situ enrichment of soil 
ureolytic  bacteria.  The  high  in-situ  urease  activity  provides  promising 
environmental conditions for the precipitation of CaCO3 crystals. However, the 
Sand columns  Coarse sand (day 5)  Fine sand (day 7) 
5 cm  15 cm  25 cm  5 cm  15 cm  25 cm 
In-situ urease activity (U/g)  0.377  1.492  1.421  1.324  1.562  1.494 
Culture content (mL/g)  0.027  0.085  0.172  0.214  0.215  0.218 
Culture activity (U/mL)  13.96  17.55  8.26  6.19  7.27  6.85 Chapter 9 
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biocementation can only be efficiently operated in the presence of highly active 
ureolyic  bacteria  immobilization.  In  this  trial,  the  microscope  analysis  is  to 
demonstrate immobilization of the in-situ enriched soil bacteria. 
SEM image of the sample collected from the incubated fine sand column flushed 
with DI water showed that the bacterial cells successfully immobilized on the 
sand surface (Figure 9.5A). The bacterial cells had rod shape with sizes up to 2 
µm. Apart from those attached bacterial cells, bacterial spores were also observed 
(Figure 9.5A). The formation of spores can be bacterial response to unfavorable 
conditions, such as dry conditions or unfavorable pH. Spores form part of the life 
cycles  of  many  bacteria,  including  ureolytic  bacteria,  such  as  Sporosarcina 
pasteurii (Al-Thawadi, 2008). 
SEM image of the sample taken from the incubated fine sand column flushed with 
cementation  solution  showed  that  rhombohedral  crystals  were  formed  and 
precipitated on the sand grain surface with sizes up to 10 µm. Bacterial cells were 
also observed around the crystals (Figure 9.5B). 
   
Figure 9.5. SEM images of the samples of fine silica sand collected in the middle of the fine sand 
columns. A: the sand column was incubated with culture containing soil suspension for 5 days. B: 
the same sand column after being flushed with the cementation solution after incubation.  
By comparing the urease activity in the effluent and in the sand columns, the 
percentage  of  the  immobilized  urease  activity  was  determined.  Approximately 
85% and 75% of the urease activity were immobilized in the coarse and fine sand 
columns respectively.  
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9.3.4  Cementation  of  Sand  Columns  by  Biologically 
Induced CaCO3 via in-situ Enriched Soil Ureolytic 
Bacteria (30 cm) 
9.3.4.1  Evolution  of  In-situ  Urease  Activity  during  the 
Biocementation Process 
After  ureolytic  bacteria  are  immobilized,  it  is  known  that  that  in-situ  urease 
activity  is  not  sustainable  and  gradually  degrades  during  the  biocementation 
process (AL-Thawadi, 2008; Whiffin, 2004; Whiffin et al., 2007). In this trial, 
during  the  biocementation  process  the  urease  activity  was  determined  by 
calculating the ammonia concentration. In both columns the immobilized urease 
activity  decreased  with  cementation  treatment.  After  5  treatments  the  in-situ 
urease  activity  had  decreased  to  30  %  and  10  %  in  the  coarse  and  fine  sand 
columns respectively (Figure 9.6). The loss of in-situ urease activity has been 
described to be due to the compounded processes of biological degradation and 
calcite precipitation (van Paassen, 2009).  
When the in-situ urease activity decreased, providing additional urease activity 
into the sand was necessary to enable biocementation reaction to continue. This 
can be achieved by injecting either ureolytic bacteria or fresh growth medium to 
allow the ureolytic bacteria to multiply in-situ. In this trial, in order to recover the 
declined urease activity, the sand columns were re-incubated with fresh growth 
medium excluding the soil suspension. After 5 days of incubation the in-situ urea 
activity had recovered more than 90 % of the original value in both coarse and 
fine sand columns (Figure 9.6).  Chapter 9 
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Figure 9.6. Recovery of in-situ urease activity by providing new medium (arrow) and incubation 
time of 5 days. Urease activities in the 30 cm columns were determined. For coarse sand column, 
cementation solution was flushed every 24 hours. For fine sand column, cementation solution was 
flushed every 24 to 96 hours depending on the urea conversion rate. 
 
9.3.4.2  UCS and CaCO3 
After being treated with cementation solution, the sand columns were prepared for 
the UCS and CaCO3 content measurements. The total volumes of the injected 
cementation solution were 800 (80 mL × 10 times) and 1800 mL (180 mL× 10 
times) for the coarse and fine sand columns respectively. The total amount of the 
precipitated  CaCO3  in  the  coarse  and  fine  sand  columns  were  65  and  78  g, 
representing about 81% and 43% of the conversion of the injected cementation 
solution  respectively.  The  low  efficiency  of  Ca
2+  precipitation  was  likely  the 
results  of  low  urease  activity.  However,  this  problem  could  be  solved,  in 
principle, by allowing longer reaction period.  
For the 30 cm short column with coarse sand, the top layer had similar strength to 
the  bottom  layer  (about  950  kPa),  while  only  50%  of  CaCO3  crystals  were 
detected (Figure 9.7A), indicating that the crystals formed at the top layers were 
more effective. This finding was consistent with the previous observations (Cheng 
and Cord-Ruwisch, 2012; Chapter 3, 4 and 8).  For the fine sand, the relatively 
homogenous distributions of UCS and CaCO3 content were probably due to the 
homogeneous  distribution  of  the  urease  activity  and  the  cementation  solution 
within this short column (Figure 9.7B). 
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Figure 9.7. Effect of in-situ cultivated ureolytic bacteria in coarse (A) and fine (B) sand column on 
CaCO3 precipitation and UCS of the cemented sand columns. An average CaCO3 content value 
was determined from three samples for each column section. The coarse and fine sand columns 
were injected with 0.8 and 1.8 L of the cementation solution respectively.  
 
9.3.4.3  SEM Analysis of the Cemented Coarse Sand Samples  
The top part of the coarse sand column showed a similar strength (920 kPa) to the 
bottom part, however, the content of CaCO3 was 50% less, suggesting that more 
effective crystals were formed. SEM images of a sample collected from the top of 
the coarse sand column showed that the gaps between the silica sand grains were 
filled  with  calcium  carbonate  crystals.  The  crystals  formed  bridging  networks 
between the sand grains (Error! Reference source not found. A and B).  
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SEM images of a sample collected from the bottom part of the column showed a 
different picture. The sand grains were fully covered by a crystals layer with small 
precipitated rhombohedral crystals (Error! Reference source not found.C and 
D). At the point-to-point contacts of the sand grains, the rhombohedral crystals 
were formed similar to the observations from van Paassen’s (2009) work. Less 
bridging of sand grains was obtained, probably due to the inadequate intergrowth 
of the crystal coating.  
This  phenomenon  of  more  effective  crystal  formation  in  the  top  part  of  the 
column confirms results from previous experiments (Cheng and Cord-Ruwisch, 
2012; Chapter 3, 4 and 8), which explained this effect by differences in shapes 
and locations of the retained pore solution.  
   
   
Figure 9.8. SEM images of samples of cemented coarse silica sand collected from the top (A and 
B) and bottom (C and D) of the 30 cm sand columns.  
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9.3.5  One meter Sand Column Consolidation 
9.3.5.1  In-situ Urease Activity within the 1 m Sand Columns during 
the Biocementation Process 
The previous experiments conducted in the 30 cm columns had demonstrated that 
the  in-situ  cultivated  soil  ureolytic  bacteria  could  provide  significant  urease 
activity (> 6 U/mL), which enabled significant strength improvement (> 400 kPa) 
in both coarse and fine sand columns. For the commercial prospect, a large-scale 
application of cemented depth more than 1 m may need to be achieved.  
In this trial the same procedures (Section 9.3.4) were applied to the 1 m coarse 
and fine sand columns. Similar to the observations in the short columns, the in-
situ urease activity could be developed but decreased during the treatments, and 
the  stagnant  activity  could  be  recovered  by  re-incubation  with  fresh  growth 
medium  (Figure  9.9).  The  overall  urease  activities  obtained  in  the  1  m  sand 
columns  were  about  50%  less  than  that  obtained  in  the  short  sand  columns, 
regardless of the size of the sand grains. This required a longer reaction period, to 
allow urea hydrolysis reaction to be completed.  
 
Figure 9.9. Recovery of in-situ urease activity by providing new medium (arrow) and incubation 
time of 5 days. Urease activities in the 1 m columns were determined. For coarse sand column, 
cementation solution was flushed every 24 hours. For fine sand column, cementation solution was 
flushed every 24 to 96 hours when the urea conversion rate dropped below 15 mM/hour. 
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9.3.5.2  UCS  and  CaCO3  Content  of  the  1  m  Cemented  Sand 
Columns 
Cementations over the entire 1 m length were achieved at both coarse and fine 
sand columns. For the coarse sand the cemented sand column were uniform with a 
smooth surface. The CaCO3 content was relatively constant from the top of the 
column to approximately 600 mm depth, and then gradually increased with depth 
(Figure 9.10A). The increase in concentration observed in the final 30 cm of the 1 
m column was similar to that observed in the 30 cm column (Figure 9.7A). The 
highest strength in the column was 1566 kPa, which was not obtained at the same 
location as the maximum amount of CaCO3 (Figure 9.10A). This high strength is 
useful  and  sufficient  for  prevention  of  soil  liquefaction  (Andrus  and  Chung, 
1995).  
In  the  fine  sand  column,  after  10  time  treatments,  the  CaCO3  content  also 
increased with depth up to 550 cm, then was table before decreasing from 750 cm 
until to the bottom (Figure 9.10B), which was contrary to the normal surface 
percolation treatment of long fine sand column (Figure 4.3). The lack of CaCO3 
precipitation  at  the  bottom  part  was  probably  due  to  the  lack  of  cementation 
solution resulting in weak cementation. 
The average strength obtained in the coarse sand column was approximately 1300 
kPa, which was about 2.6-fold higher than that obtained in the fine sand column 
(500  kPa),  while  about  21%  less  CaCO3 crystals  formed  in  the  coarse  sand 
column. This was contrary with the previous observations (Ismail et al., 2002a), 
which had demonstrated that in the presence of similar amount of crystals higher 
strength could be obtained in the fine sand compared to the coarse sand.  
The contrary result obtained in current study was probably due to the method of 
surface percolation, by which different saturation degrees between the coarse and 
fine sand columns occurred. The saturation degrees of the samples strongly affect 
the effective crystals formation, consequently the strength of the treated samples.  
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Figure 9.10. Biocementation of 1m sand columns based on aerobic (coarse sand) and anaerobic 
(fine  sand)  in-situ  development  of  urease  active  bacteria  from  soil  bacteria.  UCS  and  CaCO3 
profiles along the cemented 1 m coarse (A) and fine (B) sand were presented. An average CaCO3 
content value was determined from three samples for each column section. The coarse and fine 
sand columns were injected with 2.75 and 4.95 L of the cementation solution respectively.  
 
9.4 Discussion 
9.4.1  Summarization  
The  approach  of  enriching  the  urease  activity  in-situ  can  overcome  several 
problems/disadvantages encountered when introducing ureolytic bacteria into soil 
for the purpose of biocementation. The advantages of in-situ ureolytic bacteria 
enrichment include: 
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•  Eliminating the environmental impacts on local soil. By contrast, injection 
of exogenous ureolytic bacteria has come under close scrutiny due to its 
environmental impact on local ecosystem.  
•  Enabling  urease  activity  to  reach  deep  soil,  however,  injection  of 
exogenous  ureolytic  bacteria  tends  to  be  more  concentrated  near  the 
injection point (Whiffin et al., 2007);  
•  Saving  cost  of  urease  activity  production  for  biocementation,  while 
injection  of  exogenous  ureolytic  bacteria  requires  cultivation  and 
transportation of large quantities of bacteria.  
As  the  aforementioned  advantages,  in-situ  enrichment  of  ureolytic  bacteria  is 
gaining increased interests for the purpose of soil solidification. The current study 
presented here differs from the previous published work (Burbank et al., 2011). A 
comparison between theses two methods is shown in Table 9.3. The principal 
benefit of the current technique invented in this study is significant increase in 
efficiency  of  organic  carbon  (EOC)  usage,  compared  to  the  previous  method 
(Burbank et al., 2011). The EOC was determined on the basis of the amount of 
CaCO3 precipitated per 1 gram organic carbon used. The EOC calculation was 
shown in Appendix K. 
Table 9.3. A comparison between current work with existing in-situ ureolytic bacteria cultivation 
technology (Burbank et al., 2011). 
 
Items 
In-situ cultivation of soil ureolytic bacteria 
Previous study 
(Burbank et al., 2011)  Current study 
Organic substrate 
added 
Organic substrates were added 
in both enrichment and 
biomineralization solution. 
Organic substrates were added in 
enrichment only. 
Enrichment pH  7  10 
Cementation 
solution  0.25 M CaCl2 and 0.333 M urea   1 M urea and 1 M CaCl2 
In-situ Urease 
activity  No data was given  8-17 U/mL (coarse sand) and 6-7.2 
U/mL (fine sand) 
Cementation  Cementation was observed, 
while no UCS data was given. 
UCS: 800 to 1560 kPa (coarse sand) and 
150 to 670 kPa (fine sand) 
EOC  4.255  20.25 (coarse sand) and 10.8 (fine sand) 
DOC*  23.5  4.94 (coarse sand) and 9.26 (fine sand) 
Note:  DOC*=  demand  organic  carbon,  which  is  defined  as  organic  carbon  (g)  required  for 
producing 100 g CaCO3 precipitates. The DOC calculation was shown in Appendix K. Chapter 9 
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In  the  previous  study  (Burbank  et  al.,  2011),  the  low  pH  of  the  enrichment, 
according to the knowledge contributed by the current researches (Chapter 6 to 
Chapter 8), cannot support selective growth of ureolytic bacteria while inhibiting 
urease negative bacteria. This unfavorable condition would result in decreased 
availability  of  the  substrate  to  the  ureolytic  bacteria  due  to  the  competition 
between the ureolytic bacteria and urease negative bacteria for the substrates.  In 
the  current  study,  as  the  high  pH  of  10  is  provided  to  selectively  enrich  the 
ureolytic bacteria, presumably the provided substrates was mainly consumed by 
the ureolytic bacteria for the growth.  
The  favorable  growth  condition,  i.e.  high  pH  of  the  enrichment,  was  likely 
contributed to the greater EOC, which was about 4.8-fold (coarse sand) and 2.5-
fold (fine sand) higher compared to the previous technique (Burbank et al., 2011), 
hence,  resulting  in  79%  and  60%  reduction  in  organic  carbon  requirement 
respectively. This suggested that the current technique could significantly save the 
cost of medium without the loss of substantial cementation. However, there will 
be greater environmental impacts from using a solution at pH 10, compared to 
lower pH used by Burbank et al. (2011). 
 
9.4.2  Selective  Growth  Condition  for  Soil  Ureolytic 
Bacteria 
Ureolytic bacteria have a unique mechanism for the formation of ATP, which 
involves the coupling of ATP generation with urea hydrolysis and ammonium 
gradient  (Mobley  and  Hausinger,  1989).  These  characters  allow  the  selective 
enrichment of ureolytic bacteria against urease negative bacteria under extreme 
conditions. The extreme conditions consisted of high starting pH of 10 and high 
urea/ammonia concentration (0.17 M) allowed the ureolytic soil communities to 
grow and become ureolytically active after only about 24 hours. Tobler et al. 
(2011)  reported  several  weeks  were  required  for  the  ureolytic  groundwater 
communities to become ureolytically active with molasses addition as food source 
at neutral pH condition. This may be explained by the more favorable growth 
condition for ureolytic bacteria associated with higher concentration of substrate Chapter 9 
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applied here compared to that in Tobler et al. (2011) (i.e., pH 7.5 with 1 g/L 
molasses compared to pH 10 with 20 g/L YE applied here).  
The high pH and urea likely prevented the growth of a variety of microorganisms, 
such as urease negative bacteria. As a result, the high level of urease activity (> 10 
U/mL)  by  cultivation  of  soil  bacteria  could  be  obtained  in  the  presence  and 
absence of oxygen. The anaerobic ureolytic bacteria with high urease activity are 
quite interesting and worthwhile to be isolated and described in future.  
 
9.4.3  Effect of Oxygen Limited Conditions 
The urease activity production of the soil ureolytic bacteria also strongly depends 
on  the  dissolved  oxygen  concentration  in  the  environment.  The  oxygen 
concentration  in  soil  decreased  with  depth.  One  of  the  reasons  is  the  oxygen 
depletion by soil bacteria and plants roots (Hanslin et al., 2005). Another reason is 
that the air diffusion pathway can be cut off by the pore solution within the soil 
matrix, especially in the highly saturated soil regions or in fine soils.  
Based on the results from the batch test, the urease activity produced by the soil 
bacteria  was  varied  according  to  the  DO  concentration.  Under  anaerobic 
conditions the batch enrichment culture still produced significant urease activity 
of  about  10  U/mL,  which  was  half  of  that  obtained  under  oxygen  limited 
conditions (Figure 9.2). This was likely the result of enrichment of the anaerobic 
ureolytic bacteria (Figure 9.2 and Figure 9.3).  
The  ability  to  enrich  ureolytic  bacteria  in-situ  at  large  scale  is  important  for 
upscaling the biocementation in field. The urease activities obtained in the 1 m 
sand columns were lower than that obtained in the short columns (Figure 9.6 and 
Figure  9.9),  which  were  likely  due  to  the  oxygen  limitation.  However  the 
activities  reached  the  requirements  for  biocementation  and  the  entire  sand 
columns were cemented with significant improvement in strength (Figure 9.10).   
The ability of soil ureolytic bacteria to grow without oxygen, allows the build-up 
of significant urease activity in the fine sand column (Figure 9.4B), while no Chapter 9 
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increase was obtained by using aerobic ureolytic bacteria (Chapter 8, Figure 8.2). 
This  suggests  that  the  anaerobic  in-situ  enrichment  led  to  bacteria  that  are 
different  from  the  Bacillus  pasteurii  and  the  bacteria  enriched  under  aerobic 
conditions (Chapter 7). 
The in-situ development of urease activity in anaerobic soils can be applied to the 
regimes where the oxygen concentration is low. For example, for the soils below 
the underground water table, the growth medium could be supplied by submersed 
flow method instead of surface percolation, in which the solution is pumped from 
an injection point to a recovery point (Whiffin et al., 2007; van Paassen et al., 
2009a,b; Kucharski, et al., 2006) to avoid the cultivation and injection of ureolytic 
bacteria as used in the method of Whiffin et al. (2007). 
 
9.4.4  Cementation of Coarse Sand Columns  
The urease activities obtained in the coarse sand column increased with depth, 
which was the result of increased pore culture content (Appendix J). However, 
this  uneven  distributed  urease  activity  resulted  in  a  relatively  homogeneous 
strength distribution over the entire 1 m coarse sand column (Figure 9.10).  
As only the effective crystals contribute to strength, this homogeneous strength 
was probably attributed to the similar amount of the effective crystals formed at 
different parts of the sand column. The ratio of the precipitated effective crystals 
to  the  total  amount  of  crystals  decreases  with  increase  in  saturation  degrees 
(Chapter 3). Therefore, at the bottom layers where high saturation degree was 
reached, greater amount of total crystal precipitates were required, compared to 
the top layers, to obtain enough effective crystals.  
The distribution of the urease activity and cementation solution, which increased 
with depth, met the aforementioned requirements. First, the low urease activity in 
the top layers enabled more chemical reagents (urea/CaCl2) to transport to the 
bottom  layers.  Second,  the  bottom  layers  received  significant  amount  of 
cementation solution. Third, the high urease activity ensured the biocementation 
reaction was completed at the bottom. Chapter 9 
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9.4.5  Cementation of Fine Sand Columns  
After the fine sand column was treated by cementation solution for 11 times, less 
CaCO3 crystals formed at the top layers, indicating that the common obstacle of 
surface clogging in the long fine sand column was avoided. The observation of 
CaCO3  content  increased  with  depth  was  in  accordance  with  the  previous 
cementation result by using the in-situ produced urease activity (Burbank et al., 
2011).  This  was  likely  due  to  the  urease  activity  distribution,  which  might 
increase  with  depth  according  to  the  pore  culture  content  distribution.  As 
discussed previously, in unsaturated soil the pore solution content will increase 
with depth until reaching the underground water table, where the highest pore 
solution content is achieved (100% saturation) (Lu and Likos, 2004, Appendix J).  
The lack of CaCO3 content at the bottom suggested that 1) lack of urease activity 
at the bottom of the column; 2) the supply of cementation solution far from the 
injection point was low due to the consumption of cementation solution during the 
infiltration.  This  was  likely  to  occur  because  of  the  slow  flow  rate  of  the 
cementation solution in the fine sand by surface percolation method. In order to 
solve this problem, alternative to surface percolation, high-pressure injection of 
the cementation solution could be applied to reach a fast infiltration rate.  
An  overall  lower  strength  of  the  cemented  fine  sand  column  was  obtained 
compared to the cemented coarse sand column, although the amount of CaCO3 is 
higher in the fine sand. This could be explained by the less effective crystals 
formed  in  the  fine  sand  due  to  the  higher  degree  of  saturation  at  which  the 
cementation occurred, compared to that in the coarse sand column (appendix J). 
This  is  reasonably  considering  the  surface  percolation  technology  is  more 
applicable for coarse sand soil.  
 
9.5 Conclusions 
1.  Based on the results from the laboratory test, it was demonstrated that the 
soil  bacteria  could  be  enriched  to  increase  the  quantity  of  ureolytic 
microorganisms at both oxygen limited and oxygen free condition.  The Chapter 9 
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enrichment medium was similar to that used for aerobic ureolytic bacteria 
in the chemostat and contained 20 g/L YE as carbon source, 0.17 M urea 
as nitrogen source, and high starting pH 10.  
2.  The in-situ sand column tests showed that the process for enrichment of 
ureolytic microorganisms could be applied in both fine and coarse sand 
columns.  Further  experimentation  is  needed  to  confirm  whether  the 
traditionally used submersed biocementation (Whiffin, 2004; AL-Thawadi, 
2008; van Paassen, 2009a) based on injecting pre-cultivated pure cultures 
of Bacillus pasteurii could be simplified by enabling the in-situ growth of 
anaerobic ureolytic bacteria present in the soil. 
3.  Finally,  the  strength  and  CaCO3  content  tests  showed  that  the 
biocementation  by  using  in-situ  cultivated  indigenous  soil  bacteria  is 
feasible  in  both  fine  and  coarse  sand  columns.  Although  the  common 
obstacle of surface clogging in the long fine sand column was avoided, it 
is still necessary to optimize the method of supply cementation solution, 
especially  for  the  application  to  the  soils  having  low  permeability,  to 
obtain deep cementation.  
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10 Economical and Commerical 
Considerations 
10.1 Introduction 
It  has  been  demonstrated  that  MICP  can  be  used  to  improve  the  mechanical 
properties of soil (Cheng and Cord-Ruwsich, 2012; van Paassen et al., 2010b; 
Whiffin et al., 2007). DeJong et al. (2006) suggest MICP may be effective in 
mitigating seismic-induced liquefaction. However, the feasibility of MICP for soil 
improvement  is  not  only  dependent  on  technical  factors,  but  also  includes 
economical factors. The cost of applying biocementation technology involves four 
major  parts  (personal  communication,  Derk  van  Ree,  2009,  Deltares,  the 
Netherlands):  enzyme  production,  expenditure  of  chemical  reagents  (urea  and 
CaCl2), waste products treatment, and equipment.  
Economical  solutions  were  developed  in  this  thesis  by  reducing  the  cost  of 
ureolytic bacteria production and expenditure of chemical reagents. This chapter 
will compare the cost of the described improved techniques with the traditional 
method for producing 1 m
3 bio-cemented coarse sand sample. 
Before processing the comparison, details of the traditional method and modified 
techniques are listed as follows: 
•  Previously established technique: submersed flow treatment by using S. 
pasteurii strain, 
•  Modified technique A: surface percolation by using S. pasteurii strain, 
•  Modified technique B: surface percolation by using non-sterile chemostat 
enriched ureolytic bacteria. 
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10.2 Cost Comparison  
10.2.1  Cost of Urease Activity Production (AU$/10
6U) 
The production of urease positive bacteria represents a major cost factor, which 
includes  the  labor,  equipment,  operation,  chemicals,  sterilization  and 
transportation  of  culture  from  biotechnology  company  to  the  site  of  use.  This 
calculation  only  includes  the  costs  of  chemicals  and  sterilization  as  they  are 
considered  the  major  expenses.  Two  techniques  of  urease  activity  production, 
traditional sterile batch cultivation (S. pasteurii) (Whiffin, 2004) and non-sterile 
chemostat  (activated  sludge  microorganisms)  (Chapter  7),  are  compared.  The 
industrial media for both bacterial cultures are: 
•  S. pasteurii strain culture: 13.5 g/L Vegemite, 150 mM sodium acetate and 
170 mM (NH4)2SO4 (Whiffin, 2004), 
•  Non-sterile chemostat enrichment: 40 g/L milk powder, 170 mM urea and 
10 g/L sodium acetate (Chapter 7). 
In order to calculate the media costs, the market prices of the above ingredients 
are listed in Table 10.1.  
Table 10.1. Current market prices of the ingredients (industrial grade) used in the growth media. 
All date are obtained from Internet accessed on 20
th of March 2012. 
Ingredients  Vegemite  Sodium 
acetate  (NH4)2SO4  Milk 
powder  Urea 
Price (AU$/kg)  39.875  2.75  0.29  10  0.22 
Manufacturer  Kraft 
Henan Allrich 
Chemical Co., 
Ltd. 
Zouping Runzi 
Chemical Industry 
Co., Ltd. 
Nestle 
Inter Pacific 
Australia Pty 
Ltd 
 
The costs calculation of the growth media for both cultures is based on 1 m
3 
culture quantity. The sterilization cost is only involved in the S. pasteurii strain 
culture production. The cost comparison between those two cultures is on the 
basis of cost per 10
6 U activities produced (Table 10.2). In general more than 
50% reduction in the costs of urease activity production is achieved by using the Chapter 10 
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non-sterile chemostat method compared to the common method of sterile batch 
cultivation  (Table  10.2).  This  significant  saving  is  due  to  the  omission  of 
sterilization, which represents similar cost of the growth medium.  
Table 10.2. Cost of production of 10
6 U of urease activity by two different cultures. Sterilization 
cost is between 0.46-0.66 per L (Whiffin, 2004). The calculations take no account of the costs for 
operation, equipment, and labor.  
Items  Medium 
(AU$/m
3) 
Sterilization 
(AU$/m
3) 
Urease activity 
(U/mL) 
Cost of activity 
(AU$/ 10
6 U) 
S. pasteurii strain (Whiffin, 2004) 
Cost* 
(AU$)  578.65  560.00  21  54.36 
Non-sterile chemostat culture (Chapter 7, Table 7.2) 
Cost* 
(AU$)  429.74  0  16.7  25.83 
*All costs are given in Australian dollars (AU$). The costs of all ingredients are referred to the Table 10.1
. 
10.2.2  Enzyme Requirement for CaCO3 Production  
The cost of producing CaCO3 includes chemicals, i.e. urea and CaCl2, and also 
urease enzyme. It has been demonstrated that the urease activity decreased during 
the  biocementation  (Figure  10.1),  which  might  be  caused  by  bacterial 
encapsulation  by  carbonate  precipitates  (Cuthbert  et  al.,  2012).  The  enzyme 
requirement  for  CaCO3  production  is  determined  on  the  basis  of  the  required 
urease activity per gram of CaCO3 produced.  For both S. pasteurii strain culture 
and non-sterile chemostat culture (Section 9.2), similar amount of urease activity 
is required for producing 1 gram of CaCO3 crystals, which is about 6.1 U.  
 
Figure 10.1. Degradation of in-situ urease activity versus CaCO3 precipitation (n: S. pasteurii; l: 
non-sterile chemostat culture.) 
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10.2.3  CaCO3  Requirement  for  Producing  1  m
3  Bio-
cemented Sample  
As discussed in Chapter 3, the CaCO3 requirements for producing certain strength 
(e.g. 1 MPa) of bio-cemented samples are variable depending on the degree of 
saturation.  The  relationships  between  UCS  (kPa)  (coarse  sand)  and  CaCO3 
content  (g/g  sand)  at  different  saturation  degree  conditions  demonstrated  that 
similar  stabilization  could  be  achieved  with  fewer  crystals  at  lower  saturation 
degree conditions (Chapter 3). In the surface percolation process, the partially 
saturated soil would be expected to require lower amount of CaCO3 to produce 
the required strength, compared to the submersed flow process.  
In order to calculate the requirement of CaCO3 for producing a 1 m
3 bio-cemented 
coarse sand block, some assumptions are made here: 
•  The density of the 1 m
3 sand sample is 1.625 g/cm
3 (Chapter 4);  
•  The bio-cemented coarse sand sample has uniform strength; 
•  The saturation degree of the coarse sand sample is homogeneous in the 
horizontal direction; 
•  The saturation degree of the coarse sand sample is homogeneous in the 
vertical direction at submersed flow application, which is 100%; 
•  The  saturation  degree  of  the  coarse  sand  sample  gradually  increases 
vertically at surface percolation application (Appendix J), which are 20% 
from top surface to 60 cm depth, 40% from depth 60 to 80 cm, and 80% 
from depth 80 to 100 cm.  
The  correlation  between  the  total  amount  of  CaCO3
 precipitated  (g)  and  the 
produced strength (UCS) of the 1 m
3 bio-cemented sand by using submersed flow 
and surface percolation are shown in Figure 10.2. In general about 43% to 57% 
less CaCO3 crystals are necessary using the surface percolation method used in 
this  study  compared  to  the  prior  described  submersed  application  of 
biocementation. Hence 43% to 57% reduction in cost of expenditure of chemical 
reagents (urea and CaCl2) can be achieved by using simple surface percolation 
method (Figure 10.3).  Chapter 10 
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Figure  10.2.  Effect  of  application  method  on  the  relationship  between  the  amount  of  CaCO3 
precipitates (1 m
3) and strength (UCS). The assumptions for this calculation are shown above.  
 
Figure  10.3.  Effect  of  treatment  methods  (submersed  flow  and  surface  percolation)  on  the 
chemical reagents costs (urea and CaCl2) for producing a required strength (1 m
3 sand block). The 
market price of urea is AU$ 0.22/kg (Inter Pacific Australia Pty Ltd), and CaCl2 (>96%) is AU$ 
0.26/kg (Dongying Taihe Chemical Technology Co., Ltd.). 
 
10.2.4  Total  Cost  for  Producing  1  m
3  Bio-cemented 
Sample  
As it discussed previously, the total cost of producing 1 m
3 bio-cemented sample 
consists  of  the  expenditure  of  urea  and  CaCl2  (Figure  10.3)  and  the  cost  of 
producing  the  required  amount  of  urease  enzyme  (Figure  10.4).  The  costs  of 
urease enzyme for biocementation depends on: 1) the price of each unit enzyme 
which is variable due to the cultures (Table 10.2), and 2) total amount of required 
enzyme which is variable depending the amount of precipitated CaCO3 crystals.  
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The  modified  biocement  techniques  significantly  reduce  the  cost  of  urease 
enzyme compared to the traditional method. As expected, due to the significant 
reduction in CaCO3 requirement in surface percolation method, same proportional 
reduction (43% to 57%) in cost of the required enzyme is achieved  (Figure 1.4) 
compare  to  that  required  in  submersed  flow  method.  A  further  23%  to  30% 
reduction in cost is achieved because of the new proposed method of ureolytic 
bacteria cultivation by using non-sterile chemostat (Figure 10.4).  
 
Figure 10.4. Comparison of bacterial urease enzyme costs for producing required strength of 1 m
3 
bio-cemented sample by using different techniques.  
 
By comparing the enzyme cost with the total cost (Figure 10.5), it shows that the 
urease enzyme cost accounts for about 44% and 27% of the total cost by using S. 
pasteurii  and  non-sterile  chemostat  culture  respectively,  irrespective  of  the 
treatment methods. Further economization of the medium, accounting for about 
10%  of  the  total  cost  (Appendix  L),  could  be  obtained,  as  another  potential 
economic  medium,  i.e.  lysed  activated  sludge,  has  been  developed  for  the 
ureolytic  bacteria  cultivated  by  non-sterile  chemostat.  However,  because  the 
activated  sludge  is  often  dilute  (total  suspended  solid  between  4-6  g/L), 
concentration  of  the  sludge  (>20  g/L)  prior  to  lysis  is  required  and  desired. 
Further investigation of this is considered worthwhile.  
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Figure 10.5. Comparison of total substrate and reagent costs for producing 1 m
3 bio-cemented 
sample by different MICP techniques.  
 
10.3 Discussion 
The economic modified biocement techniques have been developed in this study 
by aiming to reduce the cost of ureolytic bacteria production and the expenditure 
of chemicals (urea and CaCl2). These two aims have been demonstrated to be able 
to achieve by two approaches, including simple non-sterile chemostat cultivation 
of ureolytic bacteria and surface percolation (Figure 10.5).    
In terms of materials cost, the use of surface percolation method can reduce the 
required amount of CaCO3. Also the non-sterile chemostat cultivation offers cost 
savings by eliminating requirement for sterilization compared to traditional MICP 
technique  (S.  pasteurii  strain  sterile  cultivation).  The  substantial  cost  savings 
(57%) enables the modified biocementation technology to be more competitive in 
practical  applications.  An  example  of  comparison  between  existing  techniques 
and  current  proposed  modified  biocementation  technique  for  modification 
subgrade soil is shown in Table 10.3. 
The modified biocementation technique is using non-sterile chemostat enrichment 
associated with surface percolation treatment to produce 700 kPa (100 psi) of bio-
cemented  soil,  which  satisfies  the  minimum  strength  requirement  (Beeghly, 
2003). The comparison indicates that the modified biocementation technique is a 
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cost competitive method compared to the alternative soil stabilization methods. 
Considering  no  excavation  and  soil  mixing  is  required  for  MICP,  future 
maintenance or reinforcement of treated soil would be much easier operated by 
applying additional MICP treatments, compared to other methods which mostly 
require  excavation  or  soil  mixing.  This  suggests  that  MICP  could  provide 
performance  benefits  that  reduce  maintenance  costs  in  the  long-term  soil 
stabilization.  
Table  10.3.  Cost  comparison  between  traditional  techniques  and  current  proposed  modified 
biocementation technique for modification subgrade soil. The treatment depth is 0.2 m.  
Cost of modification of pavement subgrade soil ($/m
2) 
Lime stabilized soil 
(Beeghly, 2003) 
Remove and replacing 
unsuitable soils  
(Beeghly, 2003) 
Modified biocementation 
(Figure 10.5) 
4.2 -7.2  8.25  7.89 
 
Another modified method of in-situ ureolytic bacteria cultivation technique is not 
involved in the current comparison. This is because in this study the feasibility of 
in-situ breeding the ureolytic bacteria with industrial grade media has not been 
demonstrated yet. This topic remains interesting and is worthwhile to be tested in 
the  future.  The  usage  of  industrial  grade  media  would  enable  the  in-situ 
cultivation technique to be more cost-effect, as no bioreactor, complex operation 
and machinery, and heavy labor work are required, compared to the method of 
traditional B. pasteurii strain cultivation or the chemostat enrichment.  Chapter 11 
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11 Expected Contribution of Study Towards 
Application of MICP  
11.1 Introduction 
As  part  of  a  collaboration  agreement  between  the  inventors  of  the technology  
600(Murdoch University and Calcite Technology, Perth, Western Australia) and 
the  exclusive  commercialization  partner  Deltares,  Delft,  the  Netherlands,  the 
present work was aimed at producing knowledge and methods that could further 
assist in the commercialization of MICP as a ground improvement technology. 
Overall this thesis has made contributions to three areas of MICP: 
•  An enhanced understanding and development of possible solutions to 
the inherent problem of crust formation and lack of cementation depth 
in the surface percolation.  
•  Allowing lower cost application of MICP, in terms of more economic 
urease enzyme production and less requirements of CaCO3 crystals for 
strengthening samples.   
•  Enabling new applications of MICP by developing a method for non-
water logged surface soils. 
The possible impacts of these components are illustrated below. 
 
11.2 Cementation  Depth  -  Principles  and  Methods 
for Improvement 
11.2.1  Principle Problem of Deeper Biocementation 
Cementation  depth  is  of  significance  for  field  application  of  soil  stabilization, 
where depth in the order of meters may need to be reached, such as high slope (15 Chapter 11 
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m)  stabilization  where  4  m  depth  of  cementation  is  required  (Chapter  5).  A 
common  obstacle  when  attempting  to  achieve  deeper  biocementation  is  the 
occurrence of clogging close to the injection point (Whiffin, 2004; Whiffin et al., 
2007;  AL-Thawadi,  2008),  which  ends  up  with  significant  cementation  in  the 
injection end and gradually weaker cementation away from the injection end.   
 
11.2.2  Generic Problems of Reaching Depths  
The cementation depth depends on the penetration depth of bacterial cells and 
cementation  solution.  Generically,  the  occurrence  of  clogging  is  due  to  the 
reaction of cementation solution with catalyst (urease enzyme) during the solution 
infiltration before reaching adequate depth. The worst clogging is crust formation, 
which has been shown in the injection of pre-mixed bacteria and cementation 
solution (Whiffin, 2004). Although the crust formation has potential application in 
dust suppression (Meyer et al., 2011), this should be prevented when utilizing 
MICP for the purpose of soil stabilization such as liquefaction prevention, slope 
stabilization, embankment enhancement, etc.   
The crust formation can be avoided by sequential injection of bacterial suspension 
and cementation solution (AL-Thawadi, 2008; Whiffin et al., 2007). Further, in 
order  to  avoid  the  clogging,  Whiffin  et  al.  (2007)  suggested  that  increasing 
solution flow rates or fixing less urease activity around the injection end could 
favor a more homogeneous cementation.  
 
11.2.3  Differences  by  Surface  Percolation  and 
Submersed Application 
A sufficiently fast infiltration rate is required to allow the cementation solution to 
reach deeper level before being converted by the bacteria closer to the injection or 
percolation point. Submersed flow method can apply high pressure to achieve a 
desired  liquid  flow  rate.  In  the  large  scale  of  100  m
3  trial,  no  clogging  was 
observed close to the injection wells in the presence of constant 1 m
3/h flow rate Chapter 11 
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(estimated about 20-40 cm/min of flow rates around the injection points) (van 
Paassen et al., 2010b).  
The  method  of  injection  by  surface  percolation  can  be  considered  to  be 
particularly difficult in terms of reaching adequate cementation depth (Figure 4.2, 
Figure 4.3, and Figure 4.4). This is because the infiltration rate is uncontrollable 
and  dependent  on  the  internal  flow  resistance  of  soil,  which  is  reliant  on  the 
porosity, pore size, shapes of particles, etc. Furthermore, due to the precipitated 
crystals, the filtration rate decreases during the treatment, for example, from 4.8 to 
0.25  cm/min  in  the  fine  sand  (Figure  4.6),  resulting  more  than  90%  of 
cementation solution being reacted before reaching 2 m depth (Figure 4.7). The 
mathematical model also indicated similar results (Chapter 4). 
 
11.2.4  Methods to Improve Cementation Depth 
11.2.4.1  Bacterial Distribution 
To reach deeper cementation, the optimum urease activity distribution should be 
increasing with depth, which will lower the cementation rate at the top layer to 
allow  the  reagents  to  move  further.  This  word  describes  a  method  of  surface 
percolation that utilizes multiple layers of bacteria/cementation solution followed 
by incubation period (6-24 hours), allowing the Ca
2+ ions to diffuse into bacterial 
suspension  at  various  depths  enabling  exogenous  ureolytic  bacteria 
immobilization. However, injection of exogenous ureolytic bacteria tends to be 
more concentrated near the injection point (Whiffin et al., 2007). This type of 
uneven  distribution  of  bacterial  urease  activity  is  undesired  as  it  counteracts 
reaching higher depths. 
Improved Bacterial Distribution: 
•  The bacteria accumulation on the top layer could be alleviated by using 
less but thicker injected layers of bacterial suspension and cementation 
solution  to  immobilize  bacteria,  which  would  allow  more  bacteria  to 
transport  into  deep  soil.  However,  thicker  layers  would  lead  to  more Chapter 11 
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challenge for the Ca
2+ diffusion between each layer to fix the bacteria. 
Therefore, a balance between the bacteria deep penetration and bacterial 
immobilization should be considered (Chapter 2). 
•  Unlike the exogenous ureolytic bacteria injection, the in-situ incubation of 
ureolytic  bacteria  developed  in  this  study  enables  a  possible  inverse 
bacterial  gradient,  with  bacteria  number  increasing  with  depth.  This  is 
caused  by  gradient  content  of  growth  medium  in  the  unsaturated  soil, 
which  cannot  be  achieved  in  the  submersed  flow  treated  soils.  Such 
gradually increased urease activity resulted in increased cementation with 
depth (Chapter 9), which was the inverse of the normally obtained effect.  
•  Possible future inverse distribution of bacteria (higher densities in deeper 
soil layers) by in-situ provision of a gradient of growth media. Injection of 
concentrated growth medium followed by diluted growth medium for the 
in-situ growth of ureolytic bacteria, which has already present in the soil. 
This method could be applied to both surface percolation and submersed 
flow treatment.  
 
11.2.4.2  Infiltration Rate of Cementation Solution 
Compared to fine sand, cementation in coarse sand can easily reach, but is not 
limited to, 2 m of depth due to the fast infiltration rate (7-28.5 cm/min) (Chapter 
4).  In  order  to  achieve  similar  or  higher  infiltration  rate  in  the  fine  sand,  the 
surface percolation method of cementation could be expanded by using a pressure 
difference to increase the infiltration rate. This could be done by pressure pump 
from top in combination with vacuum inside of soil to accomplish a faster flow of 
solution.  For  example  by  applying  a  vacuum  at  the  bottom  of  the  fine  sand 
column, it could give an increase in flow rate from 4 cm/min to more than 30 
cm/min depending on the vacuum pressure.   
 Chapter 11 
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11.3 Improved Economics of MICP 
11.3.1  More Economical Production of Urease Enzyme 
Non-sterile Ureolytic Bacterial Production 
Continuous production of urease activity by non-sterile chemostat cultivation was 
achieved  by  gradually  discovering  and  then  using  selective  environment 
conditions.  This  extreme  growth  condition  enables  ureolytic  bacteria  to  be 
enriched from environmental background and become the dominant bacteria in 
the  chemostat  reactor.  The  ureolytic  bacteria  cultivation  with  omission  of 
sterilization significantly reduced about 50% costs of urease activity production 
compared to the common method of sterile batch cultivation (Chapter 10, Table 
10.2).  
Industrial Grade Media 
Several economic media were developed for non-sterile chemostat cultivation of 
ureolytic bacteria. The current enriched ureolytic bacteria in this study showed a 
high preference for protein based-media, which allowed the ureolytic bacteria to 
grow on industrial grade of protein contained substrates, e.g. milk powder, or 
waste products (e.g. lysed activated sludge). After suitable dewatering the use of 
hydrolyzed activated sludge can be estimated to reduce chemical costs for the 
biocementation process.  
In-situ Ureolytic Bacteria Cultivation 
The in-situ ureolytic bacteria cultivation was achieved under both oxygen-limited 
and  anaerobic  conditions,  which  is  attributed  to  the  existence  of  facultative 
aerobic or anaerobic ureolytic bacteria in the soil (Figure 9.3 and Figure 9.4). 
Although in this thesis, the in-situ cultivation involved introducing soil bacteria to 
the column, the promising results demonstrated technical feasibility for real in-
situ growth in field, which may be less expensive than introducing bacteria into 
soils because there is no need to grow large quantities of ureolytic bacteria on-site, 
consequently saving the costs of equipment, labor and operation.   Chapter 11 
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11.3.2  Fewer Requirements of Chemical Reagents 
As the amount of CaCO3 does not always determines the mechanical strength of 
the  cemented  column  (AL-Thawadi,  2008),  it  indicates  that  only  the  effective 
crystals, which precipitate between sand grains and form bridging, contribute the 
strength  development  (AL-Thawadi  et  al.,  2012).  The  location  of  crystal 
precipitation  has  been  investigated  during  the  surface  percolation  treatment 
(Chapter 2 and Chapter 3). The finding that due to a lower water content in the 
soil crystals preferentially formed at the meniscus between sand grains, requiring 
about 2 to 3-fold less calcite to reach the same strength has resulted in a novel 
understanding of how to enable crystals to form exactly at contact points that 
contribute the strength development. This enabled the production of bio-cemented 
soils  more  economically  by  requiring  about  2  to  3-fold  lower  total  chemicals 
(urease,  urea,  CaCl2)  (Chapter  10)  as  well  as  costs  for  removal  of  end  waste 
products (e.g. NH4Cl). 
 
11.4 New  Application  Areas  by  Using  Novel 
Methodology 
The  described  method  of  surface  percolation  allows  the  development  of  new 
potential techniques for the process of biocementation using ureolytic bacteria.  
While the submersed method is suited for in-situ soil stabilization of saturated 
soils, such as submersed or submarine soils, or soils below the groundwater table, 
the current method enables stabilization of dry, free draining ground, such as dry 
top soil, dunes, dykes, and embankments.  
The surface percolation can be applied to the soils by spray, irrigation or trickling. 
These simple methods are expected to decrease the cost of MICP by avoiding the 
construction of solution injection systems. If required, the surface percolation can 
also be applied in the water saturated soils after lowering the underground water 
table, which will, however,  lead to extra costs.  Chapter 11 
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Subgrade stabilization: Subgrade is the native material underneath a constructed 
road, pavement or railway track (Summers, 2000) and depth of subgrade varies 
depending on the type of load applications and the pavement type (Look, 2007; 
Table 11.1). 
Table 11.1. Depth of subgrades at different applications (Look, 2007) 
Application  Type of load  Pavement 
type 
Subgrade depth 
(m) 
Airport  Dynamic/extra heavy  Flexible  2 
Rigid  1.5 
Mine haul access  Dynamic/very heavy  Flexible  1.5 
Rail  Dynamic/very heavy  Flexible/rigid  1.25 
Major roads  Dynamic/heavy  Flexible  1 
Rigid  0.75 
Industrial building  Dynamic/static/heavy  Rigid  0.75 
Minor roads  Dynamic/medium  Flexible  0.75 
Rigid  0.5 
Commercial and 
residential buildings 
Static/medium  Rigid  0.5 
Walkways/bike paths  Static/light  Rigid/flexible  0.25 
 
As  the  surface  percolation  method  provides  sufficient  (>700  kPa  or  100  psi) 
cementation which can reach 2 meter of depth (Chapter 4), a practical application 
for the potential use of surface percolation is in the stablization of  subgrade. The 
surface  percolation  MICP  technique  has  potentitial  to  reduce  the  cost  of 
excavation  and  replacement  of  unsuitable  soil  (Table  10.3)  by  allowing  the 
engineer to stabilize and strengthen on the existing soils. Subgrade strengthened 
by  MICP  also  could  eliminate  other  base  layers  provided  the  biocementation 
creates sufficient strength. 
Slope stabilisation: Another practical application for the potential use of surface 
percolation  is  in  the  stabilization  of  slopes.  The  geotechnical  engineering 
modelling  software  (Geo-Slope  2007)  clarified  the  potential  of  the  surface 
percolation technique in a real application. The top layers cementation induced by 
surface  percolation  could  significantly  improve  the  soil  mechanical  properties, 
and consequently, the safety factor of the slopes.   Chapter 11 
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In-situ growth of bacteria for submersed application: The approach of increasing 
the quantity of urease-producing microorganisms from the soil under both aerobic 
and  anaerobic  conditions  provides  technical  feasibility  of  in-situ  growing 
ureolytic bacteria at water-logged areas. The in-situ production of urease activity 
can overcome several problems encountered with introducing bacteria into soil for 
the  purpose  of  biocementation.  The  in-situ  growth  has  been  mentioned  in  the 
literature (Burbank et al., 2011), where indigenous urease active bacteria have 
simulated MICP resulted in increased strength measured by cone penetration test 
(CPT).  
 
11.5 Remaining Problems 
Several problems that could limit the commercial application of MICP still exist: 
•  Urease  activity  of  the  enriched  ureolytic  bacteria.  Although  ureolytic 
bacteria with high urease activity (>10 U/mL) have been enriched from 
natural  resources  at  various  conditions  (i.e.  aerobic  and  anaerobic 
conditions),  the  mechanism  of  controlling  urease  activity  has  not  been 
fully investigated in this study. This lack of knowledge represents a risk 
for the application of MICP at local circumstances (e.g. temperature, soil 
chemistry,  etc.),  requiring  further  investigation  prior  to  applying  the 
technique at a larger scale in other areas or countries.  
•  Low permeability soils. How to apply surface percolation technique to low 
permeable soil?  As mentioned previously in this study, if uncontrolled, 
surface percolation will favor surface crust (clogging) formation in fine 
sand (<0.3 mm), which is due to the low permeability and infiltration rate. 
MICP is not likely to be able to be applied on clay (< 0.002 mm) soils 
irrespective of treatment method, as the size of bacterial cells is usually 
larger than 0.002 mm. 
•  Ammonium production. The hydrolysis of 1 M urea will generate 2 M 
ammonium. In large-scale application, e.g. 100 m
3, would generate 100 m
3 
of 2 M ammonium chloride solution (van Paassen et al., 2009a). This high Chapter 11 
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concentration  of  ammonium  solution  requires  further  treatment  such  as 
conversion  of  ammonium  to  N2  gas  prior  to  disposal.  While  methods 
involving  non-ammonium  produced  biocement  by  denitrifying  bacteria 
(van Paassen et al., 2010a) or formate/acetate degrading bacteria (data not 
shown  in  this  thesis)  have  been  investigated,  no  commercially  viable 
method is yet available. 
 
11.6 Further considerations 
Hybrid submersed / surface percolation treatment 
Another potential solution to reach deeper cementation of soil is the combination 
of surface percolation with submersed flow as shown in Figure 11.1. In the case 
of cementation of several meters deep soils, only pumping bacterial suspension 
(or just the growth medium) and cementation solution from an injection well to an 
evacuation well can be used, resulting in fully saturated regime between the two 
wells.  The  precipitated  CaCO3  within  the  soil  will  produce  strength  but  less 
effectively  than  that  shown  for  surface  percolation,  due  to  the  high  saturation 
condition.  In order to produce strength more effectively, it is perceivable to create 
partially saturated conditions to increase the amount of effective crystals so that 
higher  strength  can  be  achieved.  This  partially  saturated  condition  could  be 
achieved by vacuuming the excess pore solution from the installed wells.  
 
Figure 11.1. Illustration of soil strengthening application by combination of surface percolation 
with submersed flow.  Chapter 11 
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Using natural sources of calcium and urea 
Using industrial grade of CaCl2 and urea for biocementation is still expensive 
(Chapter 10). Because ocean water contains about 10 mM Ca
2+ and 50 mM Mg
2+, 
and urine contains 155 mM urea, it appears worthwhile to test the use of ocean 
water and urine for certain biocementation purposes instead of using industrial 
grade of CaCl2 and urea. Because of the relatively high magnesium content in 
seawater,  the  produced  crystals  might  be  dolomite  ((MgCa)CO3)2)  instead  of 
CaCO3,  accordingly,  different  cementation  behavior  might  be  achieved. 
Preliminary experiments, relating to using diluted cementation solution containing 
50  mM  CaCl2  and  50  mM  Mg
2+,  has  been  tested  and  indicated  that  primary 
cementation with strength approximately between 100 kPa to 300 kPa could be 
achieved (Figure 11.2)  
 
Figure 11.2. The bio-cemented sand column that was treated with cementation solution containing 
50 mM CaCl2, 50 mM MgCl2 and 100 mM urea.  
 
Prospective new biocementation system 
A new biocementation system is proposed here to improve this technology to 
become more economical and environmental friendly (Figure 11.3). The system 
includes: 
•  ①:  Biocementation:  bacteria  catalyze  urea  hydrolysis  reaction  in  the 
presence of Ca
2+. 
•  ②:  Harvesting  the  end  products  ammonia  by  an  electrolysis  system 
associated with air stripping could be applied. In the alkaline catholyte Chapter 11 
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ammonium is converted to ammonia gas. Acid solution is generated in 
anode.  
•  ③:  Ca
2+  ions  generation:  Dissolution  of  raw  limestone  by  using  the 
produced acid. CO2 is produced during this process. 
•  ④:  Urea  generation:  Operating  the  reaction  between  the  harvested 
ammonia gas and CO2 gas at high temperature and high pressure to form 
urea.  
 
Figure  11.3.  Prospective  biocementation  system  involves  biocement  production,  ammonia 
removal, Ca
2+ and urea generation.  
 
11.7 Final Conclusion 
This  work  has  produced  practically  applicable  methods  to  widen  the  possible 
applications  of  MICP  and  to  enable  a  more  effective  or  more  economical 
application of it. Further research work in the direction of in-situ end product 
(ammonium chloride) treatment is needed because it encounters for another major 
costs and also hinders this technique in the real application. 
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Appendix A  
Ammonium Determination by a Modified 
Nessler Analysis 
Ammonium  concentration  was  determined  by  a  modified  Nessler  method 
(Whiffin, 2004). Analytical grade NH4Cl was used to prepare the standards.  
 
Figure A.1. Standard curve of ammonium concentration (mM) versus absorbance at 425 nm of the 
modified Nessler analysis by Whiffin (2004).  
 
A  linear  relationship  exists  between  absorbance  and  ammonium  concentration 
(mM) in the range of 0.01 – 0.2 mM NH4
+, which is expressed by: 
[A.1]  𝑦 ﾠ = 2.4635×𝑥 ﾠ(𝑚𝑀) + 0.0373       (R
2 = 0.9987) 
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Appendix B 
Ions Diffusion Illustration 
A transparent plastic column (30 cm of length and 4.5 cm of inner diameter) was 
packed  with  dry  fine  silica  sand  under  continuous  vibration  to  give  an  even 
density of about 1.623 g/cm
3. The bottom of the column was placed with a layer 
of scouring pads. A peristaltic pump was placed at 4 cm above the top surface of 
the column and the pumping rate was about 0.2 L/h. Half pore voids volume of 
alkaline solution (90 mL of 0.1 M NaOH) was pumped into the dry sand column, 
followed by half pore voids volume of acid solution (1 M HCl). Both alkaline and 
acidic solutions were premixed with 10% (v/v) pH indicator solution (phenol red 
solution, 0.1 g/L) prior to injection. This resulted in the bottom layer (alkaline 
solution) of the column appeared in red, while the top layer (acidic solution) is 
colorless.  
After all solutions were percolated, the sand column was kept at room temperature 
(25±2°C) for 24 hours. The visualized ions diffusion process was recorded and 
shown in Figure B.1. During the incubation, the color of the bottom layer changed 
from red to colorless when H
+ ions diffused into the alkaline solution.  
 
Figure B.1. Visualized ions diffusion process. Dry sand column was flushed with half void volume 
of alkaline solution (followed by half pore voids volume of acidic solution, and then kept at room 
temperature (25±2°C) for 24 hrs.  
0 hr  6 hr  12 hr  24 hr Appendices 
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Appendix C  
Determination of Calcium Carbonate Content 
by U-tube Manometer 
Calcium carbonate content of the consolidated samples was determined by acid 
dissolution method via a U-tube manometer. At standard conditions (25±1°C, 1 
atm), 1 - 2 g of cemented sample was added into a glass vial with a separated 
micro-tube filled with 2 mL of 2 M HCl. Then the treated sample reacted with 
HCl  by  mixing  these  two  components  and  CO2  gas  generated  which  was 
proportional to the dissolved CaCO3. The difference of gas volume before and 
after reaction was recorded.  
This method was calibrated with analytical grade CaCO3 powder, and the standard 
curve for gas production from acid dissolution of CaCO3 was shown in Figure 
C.1.  
 
Figure C.1. Standard curve for gas production from acid dissolution of CaCO3 at 25±1°C, 1 atm. 
A  linear  relationship  exists  between  the  mass  of  CaCO3  (g)  and  CO2  gas 
production (mL) in the range between 0-0.14 g, which is expressed by: 
[C.1]  𝑦 ﾠ 𝑔 = 0.0044×𝑥(𝑚𝐿)           (R
2 = 0.9977) 
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Appendix D  
Permeability 
In order to test the permeability of the bio-cemented samples, the PVC columns 
were directly connected to the apparatus (Figure D.1). This ensured that no air 
space was available for the water to seep between the sample and the wall of PVC 
column. Samples are fully saturated with water before testing begins. Outflow is 
collected and the time taken to collect the outflow is recorded.  
Permeability is to be calculated by the following equation (Eq. D.1): 
[D.1]  𝐾 =
  
    
K = coefficient of permeability at temperature T, (cm/sec) 
L = length of specimen (cm) 
t = time for discharge (sec) 
Q = volume of discharged water (cm
3) 
A = cross-sectional area of specimen (cm
2) 
h = difference of the hydraulic head 
 
Figure D.1. Set-up of constant head permeability test.  Appendices 
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Appendix E 
UCS Tests (Failure Behavior) 
All  bio-cemented  samples  displayed  virtually  non-existent  ductile-brittle 
transition  and  behaved  as  a  brittle  material.  Figure  E.1  and  E.2  show  failure 
behaviors  of  two  representative  samples  (fine  and  coarse  sand)  after  being 
strongly cemented. For the strong samples, tensile cracks appeared vertically from 
top to bottom along the samples and failure planes could be distinguished clearly 
(Figure E.1 and E.2). 
 
Figure E.1. UCS of the cemented fine sand column and the cemented column after performing the 
UCS test. The CaCO3 content was about 0.141 g/g sand. 
 
Figure E.2. UCS of the cemented coarse sand column and the cemented column after performing 
the UCS test. The CaCO3 content was about 0.066 g/g sand.     
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Appendix F 
Correlation of UCS and the Reading on 
Rebounding Hammer  
In order to obtain the UCS value of the cemented bulk sample by using Schmidt 
hammer,  a  correlation  between  UCS  and  rebound  reading  was  established  by 
correlating  the  UCS  values  and  the  rebound  values  (Schmidt  hammer)  of  the 
samples  presented  in  chapter  3.  The  relationship  between  UCS  and  rebound 
values was shown in Figure F.1.  
 
Figure F.1. Correlation of rebound values with unconfined compressive strengths (UCS).  
 
A correlation was established between UCS (MPa) and rebound values in the 
range between 1-2.7 MPa, similar to the previous studies (Shorey et al., 1984; 
Haramy and Demarco, 1985). This correlation is expressed by: 
[F.1]  𝑦 ﾠ 𝑀𝑃𝑎 = 0.0806×𝑥 + 0.2745       (R
2 = 0.9034) 
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Appendix G  
Bio-cementation Path 
This  appendix  indicates  changeable  bio-cementation  path  by  the  surface 
percolation  method.  Biocementation  experiment  was  conducted  by  trickling 
bacterial suspension and cementation solution into bulk coarse sand with single 
trickling point.  
Figure G.1A indicates the cemented sand body after 4 days of treatment, which 
had a single columnar shape. Figure G.1B indicates a cemented sand body after 8 
days of treatment. This cemented sand body presented a principal consolidated 
column  (bigger),  similar  to  the  sample  treated  for  4  days,  and  a  secondary 
cemented column (smaller) beside the principal one. These two different shapes of 
cemented  sand  body  were  presumably  due  to  the  changed  flow  path  of  the 
bacterial suspension and cementation solution during the treatment.  
   
Figure G.1. The shapes of cemented coarse sand bodies by using surface percolation method via 
single trickling point. (A): the sand was treated for 4 days. (B): the sand was treated for 8 days. 
The procedure of treatment was listed in Table G.1. 
Table G.1. Summary of the procedure of treatment. Urease activity of the bacterial suspension was 
about 12 U/mL, and cementation solution consisted of 1 M urea and 1 M CaCl2. 
Samples 
Treatment procedure  Flow 
speed  Bacterial suspension  Cementation solution 
A  200 mL, injected at day 1  200 mL, 
injected at day 2, 3 and 4  0.2 
L/h  B  200 mL, injected at day 1 and 5  200 mL, 
injected at day 2, 3, 4, 6, 7, and 8 
A  B Appendices 
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Appendix H 
Optical Density and Dry Biomass Density 
Dry Biomass density of grown culture was determined by measuring the optical 
density at absorbance of 600 nm. Standards were prepared by using the chemostat 
culture obtained in the Chapter 7.  
 
 
Figure H.1. Standard curve of dry biomass density versus optical density at 600 nm of the grown 
culture.  
 
A linear relationship exists between dry biomass density and optical density (600 
nm) in the range of 0 – 1.22 mg/mL, which is expressed by: 
[H.1]  𝑦 ﾠ 𝑚𝑔/𝑚𝐿 = 0.4433×𝑥           (R
2 = 0.998) 
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Appendix I 
Enriching Ureolytic Bacteria from Soil  
For the enrichment of ureolytic bacteria from soil, 10 g soil (obtained from the 
campus of Murdoch University, South Street, Perth, WA) was placed in 100 mL 
of growth media (250 mL shaking flasks), consisting of 20 g/L YE, 0.17 M urea 
and 0.1 mM NiCl2·6H2O. The soil sample was obtained from campus of Murdoch 
University, Western Australia. All flasks were incubated in water-bath at 28±1°C 
with  shaking  speed  of  180  rpm.  Constant  pH  of  the  enrichments  was 
automatically monitored and controlled at 9.5 by computer.  
 
 
Figure I.1. Enrichment of ureolytic bacteria from soil. The growth medium contained 20 g/L YE, 
0.17 M urea, and constant pH 9.5. The culture was cultivated for 3 transfers (50%). Appendices 
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Appendix J 
Pore solution and Air Content in Unsaturated 
Sand Columns (Percolation) 
The in-situ urease activity within the sand column is dependent on the activity of the 
culture associated with its content. In unsaturated sand columns treated by surface 
percolation  associated  with  fully  drained  conditions,  the  pore  solution  content  is 
homogeneous and reaches about 95% of saturation over the entire 30 cm fine sand 
column. For coarse sand, pore solution content increases with depth (Figure J.1). For 
1 m sand columns, the pore solution content was also determined, and the curve of 
solution content versus depth was shown in Figure J.2. The pore air content was 
calculated by subtraction of pore solution content from pore voids content.  
[J.1]  𝑉    % = 𝑉   % + 𝑉        %; 
Vvoid%, pore voids content;  
Vair%, pore air content;  
Vsolution%, pore solution content. 
 
Figure J.1. Pore solution and pore air content profile along the 30 cm fine sand coarse sand column 
under surface percolation and fully drained conditions. 
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Figure J.2. Pore solution and pore air content along the 1 m fine and coarse sand columns under the 
surface percolation surface percolation and fully drained conditions. 
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Appendix K 
Comparison of the Established Technique of 
in-situ Production of Urease Activity with 
Current Study  
The previously established technique of in-situ production of urease activity and the 
technique presented in current study were compared on the basis of efficiency of 
organic carbon (EOC) and demand organic carbon (DOC). The EOC was determined 
on the basis of the amount of CaCO3 precipitated per 1 gram organic carbon used. 
Demand organic carbon is defined as organic carbon (g) required for producing 100 g 
CaCO3 precipitates. 
In order to simplify the organic carbon calculation, molasses and YE were considered 
to contain 100% organic carbon, while acetate contains 34.1% organic carbon.  The 
organic substrates used in each technique were described as follows. In the previous 
technique, 5 g/L molasses and 0.17 M sodium acetate was added in the enrichment, 
and 0.17 M sodium acetate was added in the cementation solution. In the current 
study, only 20 g/L YE was added in the enrichment.  
Table K.1. Comparison of the EOC and DOC between the previous technique of in-situ production of 
urease activity and current method.  
 
Items 
 
In-situ cultivation of soil ureolytic bacteria 
Previous study 
(Burbank et al., 2011) 
Current study (Section 9.3.4) 
Coarse sand  Fine sand 
Organic 
carbon 
Enrichment  9.76 g/L (250 L)  20 g/L (160 mL)  20 g/L (360 mL) 
Cementation 
solution  4.76 g/L (2250 L)  No organic 
carbon 
No organic 
carbon 
Total organic carbon (g)  13217.5  3.2  7.2 
CaCl2 solution   250 mM (2250 L)  1 M (800 mL)  1 M (1800 mL) 
Converted Ca
2+(%)  No data given (assuming 100%)  81%  43% 
Precipitated CaCO3 (g)  56250  64.8  78 
EOC   4.255  20.25  10.8 
DOC  23.5  4.94  9.26 Appendices 
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Appendix L 
Cost of Biocement (1 m
3) by Using Non-
Sterile Chemostat culture Cultivating on 
Lysed Activated Sludge  
The  total  cost  of  producing  1  m
3  bio-cemented  sample  consists  of  cost  of 
producing certain amount of urease enzyme and the expenditure of urea and CaCl2. 
The  urease  activity  cost  by  using  non-sterile  chemostat  cultivation  and  lysed 
activated sludge as substrate was AU$ 0.05/1000 U (Table 6.2).  1 m
3 sand is 
treated by surface percolation method. 
 
Figure L.1. Cost for producing 1 m
3 bio-cemented sample by using surface percolation method and 
the ureolytic bacteria cultivated on lysed activated sludge via non-sterile chemostat cultivation. 
The cost of enzyme depending on the price of each unit enzyme (AU$ 0.0073/1000 U) and total 
amount  of  required  enzyme.  The  market  price  of  urea  is  AU$  0.22/kg 
(http://www.alibaba.com/product-free/125474017/UREA_46_origin_RUSSIA.html),  and  the 
market  price  of  CaCl2  (>96%)  is  AU$  0.26/kg  (http://www.alibaba.com/product-
gs/526715456/Calcium_Chloride_96_.html).
0 
10 
20 
30 
40 
50 
60 
70 
0  500  1000  1500  2000  2500  3000 
C
o
s
t
 
(
A
U
$
)
 
UCS (kPa) 
Urease enzyme cost 
Urea and CaCl2 cost 
Total cost  
  251 
Publications 
Cheng,  L.,  Cord-Ruwisch,  R.  2012.  In-situ  soil  cementation  with  ureolytic 
bacteria by surface percolation. Ecological Engineering, 42, 64-72. 
Dekuyer, A., Cheng, L., Shahin, M. A., and Cord-Ruwisch, R. (abstract accepted) 
Calcium  carbonate  induced  precipitation  for  soil  improvement  by  urea 
hydrolyzing  bacteria.  The  2012  international  conference  on  geomechanics  and 
engineering (ICGE’12).  
Cheng,  L.,  Cord-Ruwisch,  R.  (abstract  accepted)  Cementation  of  sand  soil  by 
microbially induced calcite precipitation via in-situ growth of ureolytic bacteria.  
The 2012 international conference on geomechanics and engineering (ICGE’12) 
Cheng, L., Cord-Ruwisch, R. Mohamed A.S. (Submitted). Cementation of Sand 
Soil by Microbially Induced Calcite Precipitation at Various Saturation Degrees. 
Canadian Geotechnical Journal. 
Cheng,  L.,  Cord-Ruwisch,  R.  2012.  (Submitted).  Selective  enrichment  and 
production  of  highly  urease  active  bacteria  by  non-sterile  chemostat  culture. 
Applied Microbiology and Biotechnology. 
 